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Abstract 
 
The natural inactivation of enteric pathogens in soil is a critical component of the 
multi-barrier approach to prevent infectious disease in humans by enteric 
microorganisms when biosolids are used as a fertiliser and soil conditioner on 
agricultural land. The addition of biosolids to agricultural soil modifies the soil 
microbial community and ecological interactions. Ecological processes, especially 
the activities of predatory protozoa, may have a critical role in reducing the survival 
of enteric pathogenic bacteria when biosolids are applied to agricultural soil.  To test 
this hypothesis a series of field experiments were established on two soils of 
contrasting organic matter content and fertility status, amended with different sludge 
types, to examine the interactions between the soil microbial biomass, total protozoa 
numbers, environmental and soil factors and their effects on the decay of the enteric 
indicator bacteria, Escherichia coli, in biosolids-amended soil. Soil microbial 
biomass carbon (SMBC) concentrations were influenced by soil physico-chemical 
properties and, in particular, larger background biomass concentrations were 
measured in unamended control soil containing the largest amount of organic matter. 
The microbiological content and substrate availability of the supplied materials also 
influenced the extent of the increases in SMBC. Soil protozoa numbers consistently 
increased in both experimental field soils from background values of 3-3.5 log10 g-1 
ds to 4-4.5 log10 g-1 ds after sludge application. The extent of the increase was 
consistent with the effect of the organic amendments on SMBC. Laboratory 
investigations indicated the direct involvement of bacteriophagous protozoa activity 
in the soil ecological processes responsible for E. coli inactivation in biosolids-
amended agricultural soil. This was linked to the addition of an active protozoa 
population to the soil in sludge, as well as to the stimulation of protozoa indigenous 
to the soil due to inputs of substrates and microbial biomass in sludge. Consequently, 
the survival of enteric organisms is a self-limiting process, due to the stimulation of 
microbial predatory activity in amended soil. Overall, the results provide assurance 
that assumptions relating to soil decay during waiting periods stipulated for 
agricultural use of sludge are highly conservative. They also confirm that the 
cropping/harvesting restrictions prescribed in legislation and guidance controlling the 
application of biosolids on farmland allow the natural attenuation of pathogens to 
protect human health with a significant margin of safety.   
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experiment 
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Table 7.6 Fresh weight and the equivalent dry weight of soil and DMAD 
required for each treatment in the laboratory incubation experiment (weight 
in g) 
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Abbreviations 
 
ADAS  Agricultural Development Advisory Service 
APHA  American Public Health Association 
Ac3/Up3  Andover-Rolling Upton 
ANOVA  Analysis of variance 
BPEO  Best Practicable Environmental Option   
BRC  British Retail Consortium 
˚C Degrees centigrade 
CEC  Council of the European Communities 
CEC  Cation exchange capacity 
CFE  Chloroform Fumigation Extraction 
CFU Colony forming units 
cm Centimetres  
COM Commission of the European Communities 
Compost Composted biosolids 
COW Cow manure 
d Day/s 
DEFRA  Department of Environment, Food and Rural Affairs 
DMAD Dewatered mesophilic anaerobically digested biosolids 
DRAW Dewatered raw sewage sludge 
DM  Dry matter 
DOC  Dissolved organic carbon 
DoE Department of Environment 
DRAW Dewatered raw sewage sludge 
ds Dry soil 
DS Dry solids 
EC European Communities 
EU European Union 
EPA Environmental Protection Agency 
EU  European Union 
FT Field trial 
FW Fresh weight 
FYM Farmyard manure 
g Gram 
h Hours 
ha Hectare 
HACCP Hazard Analysis and Critical Control Points 
hL Hamble 
IC Inorganic Carbon 
l Litre 
kg Kilograms 
LB Luria Bertani 
Lime Lime stabilised biosolids 
LMAD  Liquid mesophilic anaerobically digested  
m  Metres 
MAD Mesophilic anaerobic digestion 
MAFF Ministry of Agriculture Fisheries and Food 
MC Moisture content 
MF  Membrane filtration 
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Mg  Magnesium 
MLGA Membrane lactose glucuronide agar 
MLSS Mixed-liquor suspended solids 
MPN Most probable number 
MPC Maximum permissible concentration 
MRA Microbiological risk assessment  
MSW Municipal solid waste 
NAMAS National Accreditation of Measurement and Sampling 
NPOC Non-purgeable organic carbon 
NRM Natural Resource Management Ltd. 
OM Organic matter 
PAS modified Neff’s Amoebae saline 
P  Phosphorus 
P Probability 
PIG Pig slurry 
PTE Potentially toxic elements 
s Seconds 
SSM  Safe sludge matrix 
SMB  Soil microbial biomass 
SMBC Soil microbial biomass carbon 
SMC Soil moisture content 
ST Soil temperature  
STEC Shiga toxin-producing E. coli 
T Tonnes 
TAD Thermophilic aerobic digestion 
TC Total Carbon 
TDMAD Thermally dried mesophilic anaerobic digested  
Temp Temperature 
TOC Total Organic Carbon 
US United States 
USEPA Unites States Environmental Protection Agency 
UK United Kingdom 
UKWIR United Kingdom Water Industry Research 
VLA Veterinary Laboratory Agency   
VS Volatile solids 
WHC Water holding capacity 
WHO World Health Organization 
WRc Water Research Centre 
%  Per cent 
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CHAPTER 1 
Introduction 
 
Sewage sludge is generated through the wastewater treatment process and consists of 
the surplus biomass grown during the biological treatment steps together with the 
particulate matter that has been separated from the wastewater. The sewage sludge 
produced must undergo a separate processing treatment to stabilize the sludge, that 
usually involves decomposition of organic matter (OM), and to reduce the 
pathogenic content to prevent environmental problems. The organic wastewater 
solids treated to a standard suitable for reuse in the environment are called 
biosolids. Recycling of organic residual wastes, biosolids and sludge to agricultural 
land has been a widespread practice for many decades in the UK, Europe, the USA 
and other parts of the world (Gerba and Smith, 2005). This is recognised as the most 
economical and the Best Practicable Environmental Option (BPEO). The EU Urban 
Waste Water Directive (CEC, 1998) ended the disposal of sewage sludge at sea; the 
EU Landfill Directive limits the disposal of biodegradable wastes, such as sewage 
sludge, in landfills. Consequently, the dependence on agricultural soil for biosolids 
management has increased. In 2005, the equivalent of 1.4 million t dry solids (DS) 
sewage sludge was produced in England and Wales of which 0.82 million t DS were 
recycled to land as a soil improver (Defra, 2007).  
 
Land application of sewage sludge can have positive impacts on biodiversity through 
addressing potential deficiencies in soil fertility, plants, animals and microorganisms. 
The addition of sewage sludge increases soil OM content (Chambers et al., 2003), 
and therefore influences soil physical, chemical and biological properties. Sludge 
application also provides valuable plant nutrients, improves soil structure and returns 
carbon to the soil, being an alternative to using non-renewable materials for plant 
nutrition (ADAS, 2001). Soil microbial biomass (SMB) is the living part of the soil 
organic matter excluding plant roots and soil animals. Although typical SMB carbon 
represents a small proportion of soil OM, values ranging from 1 to 5%, it plays a 
vital role as an agent of soil processes (Rowell, 1994), being responsible for organic 
matter transformations and nutrient cycling in soil. Modifying the biological 
equilibrium by addition of soil amendments causes changes in the composition and 
activity of SMB, affecting soil fertility in both the short and long-term (Martens, 
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1995). SMB increases after biosolids addition by the development of new soil 
microbial biomass and stimulation of the endogenous soil biomass. The level of 
response of SMB in different ecosystems is linked to the nutritional status and 
original composition of soils, and to the organic matter added, and it is more 
sensitive and responds more dynamically to the addition of organic materials than 
soil OM as a whole (Pascual et al., 1997). Therefore, SMB activity is commonly 
used to characterize the soil microbiological status and soil quality (Nanniperi et al. 
1990), being of importance in studies of nutrient cycling and ecological processes in 
soils and serves as an indicator of soil fertility status. 
   
Despite the benefits arising from the application of sludge to agricultural soil it can 
be a potential concern for public health due to the possible infection of humans and 
animals by enteric pathogens (WHO, 1989). Pathogens present in the enteric or 
urinary system of humans are discharged in faeces or urine to waste water and 
transfer to the sewage sludge. Pathogens are also naturally present in the 
environment, and despite high rates of elimination during sewage sludge treatment, 
residual numbers of pathogens may remain and transfer to the soil matrix (Benckiser 
and Simarmata, 1994). Therefore, the control of pathogens present in sewage sludge 
is important in public health to prevent risks to human, animal, or plant health. Thus, 
recycling to agricultural soil of sewage sludge is carefully controlled and regulated to 
avoid potential problems. The basic principle to protect human health from the 
presence of residual numbers of pathogenic organisms that may potentially occur in 
sludge is based on the multiple barrier approach to reduce the risk to an acceptable 
level (WHO, 1989). This includes the treatment of sludge to reduce pathogen 
numbers, limiting the application of certain types of sludge on land used for the 
production of certain food crops, and also the placing of time constraints on 
cropping, to allow effective decay of enteric microorganisms in the soil 
environment. (Godfree and Farrell, 2005). In the UK, a voluntary agreement between 
the British Retail Consortium (BRC) and the UK Water Industry was developed to 
specify suitable sewage sludge treatment criteria and land management practices, 
called the Safe Sludge Matrix (SSM) (ADAS, 2001). This further strengthened the 
statutory controls and code of practice for agricultural use of sewage sludge that have 
been in place in the UK since 1989 (SI 1989, DoE, 1989), updating the EU Sludge 
Directive (CEC, 1986). The voluntary guidelines established by the SSM specify 
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harvest intervals of 12 months for vegetable crops which are not eaten raw, 
increasing the waiting period to 30 months for ready-to-eat crops. In accordance with 
the SSM and to predict the incremental exposures of crops to pathogens from 
application of sewage sludge, microbiological risk assessments (MRA) were 
developed. Those crop exposures were then used to estimate the risk to humans using 
available dose-response data (Gale, 2005). However, MRA were based on limited 
decay data for pathogens in sludge applied to field soil. Therefore, further research is 
necessary in relation to the survival of pathogens on land for extended periods in 
temperate conditions as these factors have a significant effect on estimating the risk 
to health associated with the agricultural use of sewage sludge.(Avery et al., 2005; 
Gale, 2005; Rogers and Smith, 2007) 
 
Soil can act as a vector of transmission of pathogens, but at the same time it acts as 
an environmental barrier against enteric pathogen infections because of the natural 
decay of the organisms in the soil. Understanding the persistence and fate of sludge-
borne pathogens in soil is necessary to provide the basis for management practices to 
eliminate potential risks of infections associated with recycling of sewage sludge to 
agriculture (Topp et al., 2003). However, little is known about the mechanisms of 
pathogen decay involved in temperate climates (Rogers and Smith, 2007).  
 
Soil environment is a complex ecosystem with high microbial diversity containing 
various groups of bacteria, viruses, protozoa, fungi and nematodes. Survival of 
pathogens in soil depends on biotic and abiotic factors, some of which act in synergy 
(Gerba and Smith, 2005). Soil moisture and temperature have been identified as 
major factors limiting enteric pathogen survival in agricultural soil (Cools et al., 
2001; Holley et al., 2006). However, in the moderate UK temperate climate, these 
environmental factors are unlikely to have a direct impact on the survival of enteric 
pathogens (Lang et al., 2007). Soil ecological processes, such as predation, 
competition, parasitism and antagonism are the key biological factors influencing 
pathogen survival in biosolids-amended soil (Topp et al., 2003; Gerba and Smith, 
2005; Lang et al., 2007). Predation on pathogens is mainly due to the grazing activity 
of protozoa and nematodes. Soil protozoa represent a very important group in the soil 
microbial community because they influence the composition and number of 
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bacterial populations and stimulate mineralization processes (Fenchel, 1987; Ekelund 
and Ronn, 1994; Clarholm, 2005).  
 
The grazing action of protozoa on indigenous soil bacteria is a well known 
phenomenon and is potentially an important biotic mechanism for the removal of 
pathogenic bacteria. The application of organic substrates to agricultural soil in the 
form of manures or sludge increases the protozoan diversity and abundance 
(Darbyshire, 1994). Thus, the survival of enteric organisms may be potentially a 
biotically controlled, self-limiting process, due to the stimulation of soil predator 
activity in amended soil. Therefore, the study and enumeration of protozoa is 
essential to elucidate the complex soil ecological mechanisms driving enteric 
pathogen decay and to quantify the long-term natural attenuation of pathogens in 
soils. This information would provide the sound scientific principles to underpin 
management practices based in the multi-barrier approach to protect public health 
from potential infections when recycling biosolids to agricultural soil (Gale, 2005; 
Lang et al., 2007; Pourcher et al., 2007)   
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CHAPTER 2 
Aims and Objectives 
 
The principal aim of the research was to improve the understanding of the ecological 
processes occurring within the soil microbial community, especially the interaction 
between soil protozoa and bacteria, in sludge-amended agricultural soil. In particular, 
the fundamental biotic processes controlling enteric pathogen inactivation in soil 
linked to the agricultural reuse of sewage sludge have been investigated to support 
appropriate management practices based on multiple barriers to prevent disease 
transmission when sludge is used in agriculture. This was achieved by meeting the 
following objectives: 
 
• Quantify the effects of different types of sewage sludge and livestock waste 
amendments on soil microbial biomass carbon (SMBC) concentrations and 
thus on the fertility status of agricultural soils for long-term monitoring 
period. 
 
• Perform a programme of field experiments to quantify the impacts of 
different organic soil amendments on soil protozoa populations in arable 
agricultural soils.  
• Evaluate the potential role of soil protozoa in active biotic mechanisms 
responsible for the removal of enteric bacteria introduced to soil in sewage 
sludge. 
 
• Establish possible links between SMBC and biotic factors influencing the 
decay of enteric pathogens in sludge-amended soils. 
 
• Determine the effects and significance of soil physico-chemical 
characteristics, environmental factors and their interactions on SMBC 
concentrations and soil microbial interactions. 
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• Quantify the response of soil protozoa populations and its implications for the 
decay of enteric pathogens after sludge amendment in a controlled 
environment under contrasting soil type conditions. 
 
• Evaluate the differences in response between introduced protozoa in sludge-
amended soils and indigenous soil protozoa. 
 
• Increase understanding of the role of soil protozoa populations in reducing 
enteric bacteria survival under controlled environmental variables.  
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CHAPTER 3 
Literature review 
 
3.1 Application of Biosolids to Agricultural Land 
Treated sewage sludge (biosolids) has been recycled to agricultural land for many 
decades in the UK, Europe, the US and other parts of the world. This is recognised as 
the Best Practicable Environmental Option (BPEO) in most circumstances (Defra, 
2007), especially after the ban on sea disposal and limitations on landfills stipulated 
in the Urban Wastewater Treatment Directive 91/27/EEC (CEC, 1991). Agricultural 
application of biosolids is controlled and regulated to safeguard the environment and 
the health of humans, animals and crops. In Europe, the quantity of biosolids 
produced increased after the implementation of the Directive 91/27/EEC (CEC, 
1991), which required secondary treatment to be installed at most wastewater 
treatment plants.  
 
Recycling to land adds plant nutrients and humus-forming material to enrich the soil, 
and is supported by the UK government and European Commission. Land 
application can also reduce significantly the cost associated with managing sewage 
sludge. Increasing quantities of sludge will need to be recycled into agriculture 
because of the increase on sludge production. In 2005, 1.4 million t dry solids (DS) 
sewage sludge was produced in England and Wales, and by 2010 it is estimated that 
the total volume of sludge will increase to 1.6 million t DS. Recycling of sewage 
sludge to agricultural land was the main option in 2005 (73%), arising from 59% in 
2000 (Defra, 2007).  For England and Wales, the other options and percentage 
accounting for are represented in Figure 3.1. Using conventional treatment methods, 
most of the polluting matter entering in the original sewage is transferred to a sewage 
sludge. To prevent any risks for humans, animals, plants or the environment, 
recycling to agricultural soil of sewage sludge is carefully regulated. Risk reduction 
against infectious enteric pathogens that may be present in the sludge is based on the 
principle of multiple barriers that reduce the risk to an acceptable level. This includes 
the treatment of sludge to reduce pathogen numbers, limiting the application of 
certain types of sludge on land used for the production of certain food crops or with 
public areas and also the placing of time constraints on cropping, to allow effective 
decay of enteric microorganisms in the soil environment (Godfree and Farrell, 2005). 
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Figure 3.1 Management of sewage sludge production in England and Wales in 
2005 (Defra, 2007) 
 
3.2 Legislation Related to Application of Biosolids to Agricultural Land 
Biosolids reuse in agriculture in the EU is regulated by the EU Directive 86/278/EEC 
(CEC, 1986). The Directive regulates on the protection of the environment, and in 
particular of the soil, when sewage sludge is used in agriculture. The Directive 
requires that sludge should be used in such a way that account is taken of the nutrient 
requirements of plants and that the quality of the soil as well as the quality of surface 
water and groundwater is not impaired (CEC, 1986). The Directive specifies rules for 
the sampling and analysis of sludge and soil. It sets out requirements for the keeping 
of detailed records of the quantities of sludge produced, the quantities used in 
agriculture, the composition and properties of the sludge, the type of treatment and 
the sites where the sludge is used. The parameters to be taken into account are: 
 
- Dry matter (%) - Ni (mg kg-1DS) 
- Organic matter (% DS) - Zn (mg kg-1 DS) 
- pH - Cd (mg kg-1DS) 
- Nitrogen, total and ammoniacal (% DS) - Pb (mg kg-1 DS) 
- Phosphorus, total (% DS) - Hg (mg kg-1DS) 
- Cu (mg kg-1 DS) - Cr (mg kg-1DS) 
 
 
 
 28 
The Directive 91/27/EEC (CEC, 1991) states that sludge arising from wastewater 
treatment shall be re-used whenever appropriate, giving priority to the use of sludge 
in agriculture. The Directive banned the disposal of sludge to waters after 1998, 
which accounted for 25% of the production in the UK at that time. Therefore 
increasing quantity of biosolids was recycled to agricultural land. It also stipulated 
that disposal routes should minimise the adverse effects to the environment and that 
animal and human health is not put at risk.  
 
Regulations controlling the transmission of pathogens in the USA (USEPA, 1993) 
and Europe (CEC, 1986) arising from the land application of biosolids are based on 
the concept of the single barrier where treatment eliminates the pathogens and 
multiple barriers. This involves treating sludge to significantly lower the numbers of 
pathogenic organisms (single barrier) and to adopt land use restrictions to allow the 
natural decay of pathogens to take place in soil (multiple barrier) (WHO, 1989).  
 
In the UK, the Directive 86/278/EEC (CEC, 1986) is implemented through the 
Sludge (Use in Agriculture) Regulations (SI, 1989). The Code of Practice for 
Agricultural Use of Sewage Sludge (DoE, 1996) complemented the regulations and 
the main objectives are to ensure that when sludge is used in agriculture, there is no 
conflict with good agricultural practice, maintaining the long term viability of 
agricultural activities, that public nuisance and water pollution are avoided and that 
human, animal or plant health is not put at risk (DoE, 1996). In the UK, Mo, Se and 
As has been added to the list (DoE, 1996). Apart from the regulation on pathogen 
reduction, the quantity of metals present in the sludge is regulated. However, national 
regulations which have been established on the basis of Directive 86/278/EEC have 
introduced provisions which go beyond the requirements of the Directive. Maximum 
permissible concentrations of the potentially toxic elements (PTE) in soil after 
application of sewage sludge according to the UK Code of Practice are given in 
Table 3.1. The concentrations depend on the pH of the soil and include an annual 
average for a 10 years period. The improved treatment processes and environmental 
restrictions have reduced the actual concentrations of heavy metals present in sewage 
sludge. Table 3.2 shows how sludge concentrations are consistently below the 
Directive sludge limits for metals. 
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Table 3.1 Maximum permissible concentrations of potentially toxic elements 
(PTE) in soil after application of sewage sludge and maximum annual rates of 
addition. (DoE, 1996) 
 
Maximum permissible 
concentration (MPC) of PTE in 
soil (mg kg-1 dry solids)  
MPC average 
annual rate of 
PTE 10 year 
period (kg ha-1) 
Potentially 
toxic 
element 
(PTE)  
pH 
5.0 <5.5  
pH 
5.5<6.0  
pH 
6.0-7.0  
pH 
> 7.0  
 MPC of PTE 
in sludge for 
agric. use  
Zinc  200  250  300  450  15  2500-4000 
Copper  80  100  135  200  7.5  1000-1750 
Nickel  50  60  75  110  3  300-400 
Cadmium  3 0.15  20-40 
Lead  200  15  750-1200 
Mercury  1  0.1  16-35 
Chromium  400  15  - 
Molybdenum 4  0.2  - 
Selenium  3  0.15  - 
Arsenic  50  
200 200 
 
0.7  -  
 
Table 3.2 Average content of heavy metals in sewage sludge in member states 
compared with the EC Directive 86/278/EEC (CEC, 1989) limits.  
 
Metal EC Directive 86/278/EEC 
(mg kg-1)DM 
Range in the Member States 
(mg kg-1)DM 
Cd 20-40 0.4-3.8 
Cr 1000-1750 16-275 
Cu 1000-1750 39-641 
Hg 16-25 0.3-3 
Ni 300-400 9-90 
Pb 750-1200 13-221 
Zn 2500-4000 142-2000 
 
The principle of the multiple barrier approach, in which the number of potentially 
pathogenic organisms is reduced by appropriate sludge treatment processes before 
application to land, is used to reduce health hazards to human, plants and animals. 
These processes can reduce the concentration of pathogens by 99% (2 log10 
reduction) in conventional treatment processes and by 99.9999% (6 log10 reduction) 
for enhanced treatments. Enhanced treatment is essentially a single barrier as 
pathogens are eliminated to background values. Sludge treatment and handling 
processes used in the UK to achieve at least the conventional treatment standard are 
further explained in section 3.5. 
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The potential health hazard is further reduced by the different biotic and abiotic 
factors interacting when the sludge is applied to the soil. Another barrier in this 
approach is the application of further constraints on certain crops and on planting, 
grazing and harvesting. The Directive states that to provide protection against 
potential health risks from residual pathogens, sludge must not be applied to soil in 
which fruit and vegetable crops are growing or grown, or less than ten months before 
fruit and vegetable crops are to be harvested. Grazing animals must not be allowed 
access to grassland or forage land less than three weeks after the application of 
sludge. 
  
In addition to the statutory controls, the Safe Sludge Matrix (SSM) (ADAS, 2001) 
was agreed between the British Retail Consortium and the Water Industry in the UK 
to ensure the highest possible standards of food safety when sludge is recycled to 
farmland. The Matrix was designed to provide a framework to give all food industry 
stakeholders confidence that biosolids recycling to agricultural land is safe. Matrix 
voluntary agreement came into force on 31 December 1998, and provided additional 
restrictions on the use of sewage sludge on agricultural land, as well as the categories 
of crops on which sludge may not be used. It consists of a table of crop types with 
clear guidance on the minimum acceptable level of treatment for any sewage sludge 
based product which may be applied to that crop or rotation. The SSM is shown in 
Table 3.3.  
The SSM ended the practice of applying raw or untreated sludge to agricultural land 
in December 1999. The matrix introduced the concept of two classes of treatment, 
analogous to Class A and Class B of the U.S. 503 Regulations (USEPA, 1993). The 
two classes are conventionally treated sludge (equivalent to Class B) and enhanced 
treated sludge (equivalent to Class A). The microbiological standards for 
conventionally and enhanced treated sludge are shown in Table 3.4. 
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Table 3.3 Harvest/Cropping guidelines agreed in the Safe Sludge Matrix 
(ADAS, 2001) 
Crop group Untreated sludge Conventionally treated sludges 
Enhanced treated 
sludges 
Fruit Prohibited Prohibited 10 month harvest interval applies 
Salads Prohibited 30 month harvest interval applies 
10 month harvest 
interval applies 
Vegetables Prohibited 12 month harvest interval applies 
10 month harvest 
interval applies 
Horticulture Prohibited Prohibited 10 month harvest interval applies 
Combinable & 
animal feed 
crops 
Prohibited No restrictions No restrictions 
Grass and 
Forage  -
Grazed 
Prohibited 
3 week no grazing and 
harvest interval 
applies* 
10 month harvest 
interval applies 
Harvested Prohibited 
3 week no grazing and 
harvest interval 
applies** 
10 month harvest 
interval applies 
* Deep injected or ploughed down only 
** No grazing in season of application 
 
Table 3.4 Proposed UK standards for conventionally and enhanced treated 
sludge (DEFRA, 2002) 
 
Sludge Category Reduction in 
numbers of E. coli 
across sludge 
treatment process 
Number of 
E. coli in 
final product 
Number of 
Salmonellae in final 
product 
Conventional  2 log10 105 g-1 DS No standard 
Enhanced  6 log10 103 g-1 DS Absent in 2 g DS 
 
Enhanced treated sludge undergoes treatment processes which are capable of 
virtually eliminating any pathogens which may be present in the original sludge. 
Enhanced treated sludge should be free from Salmonella and will have been treated 
so as to ensure that 99.9999% pathogens have been destroyed (6 log10 reduction). A 
summary of enhanced treatments for sewage sludge are shown in Table 3.5. 
Conventionally treated sludge has been subjected to defined treatment processes and 
standards that ensure at least 99% of pathogens have been destroyed. Application of 
conventionally treated sludge to grazed pasture must be injected. The regulations 
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require that there will be no grazing or harvesting within three weeks of application. 
Where grassland is reseeded, sludge must be ploughed down or deep injected into the 
soil. More stringent requirements apply where sludge is applied to land growing 
vegetables crops, in particular those that may be eaten raw. Conventionally treated 
sludge can be applied to agricultural land used to grow vegetables provided that at 
least twelve months have elapsed between application and harvest of the following 
vegetable crop. Where the crop is a salad which might be eaten raw, the harvest 
interval must be at least thirty months. Where enhanced treated sludges are used, a 
ten month interval applies in accordance with the minimum requirements stipulated 
by Directive 86/278/EEC (CEC, 1986). The UK Government made a commitment to 
transpose the SSM into legislation, but it has not yet been implemented.  
Table 3.5 Summary of enhanced treatments for sewage sludge (Carrington, 
2001) 
 
Process Parameters 
Windrow Batches of sludge (+/- bulking agent) to be kept at 55 ˚C for 4 hours 
Composting Between each of 3 turnings, followed by a maturation period to complete the composting process. 
Aerated pile and 
invessel composting 
The batch to be kept at a minimum of 40 ˚C for at least 5 days 
and for 4 hours during this period at a minimum of 55 ˚C. This 
to be followed by a maturation period to complete the 
composting process. 
Thermal drying  The sludge should be heated to at least 80 ˚C for 10 minutes 
and moisture content reduced to <10%. 
Thermophilic 
digestion (aerobic 
or anaerobic) 
Sludge should achieve a temperature of at least 55 ˚C for a 
minimum period of 4 hours after the last feed and before the 
next withdrawal. 
Plant should be designed to operate at a temperature of at least 
55 ˚C with a mean retention period sufficient to stabilise the 
sludge. 
Heat treatment 
followed by 
Digestion 
Minimum of 30 minutes at 70 ˚C followed immediately by 
mesophilic anaerobic digestion at 35 ˚C with a mean retention 
time of 12 days 
Treatment with 
Lime (CaO) 
The sludge and lime should be thoroughly mixed to achieve a 
pH value of at least 12 and a minimum temperature of 55 ˚C 
for 2 hours after mixing. 
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The UK Department for Environment, Food and Rural Affairs (DEFRA) intend to 
amend the Regulations and code of practice to take into account the SSM (DEFRA, 
2002). It intended to introduce sludge treatment process control using Hazard 
Analysis and Critical Control Points (HACCP), which has been introduced 
voluntarily with the Safe Sludge Matrix. 
HACCP is a systematic approach to the identification, evaluation and control of 
safety hazards. These amendments will introduce microbiological standards for the 
final biosolids product, formalise the record keeping and introduce HACCP to ensure 
improved quality control. The rationale behind this approach is to establish the 
critical control points within the sludge treatment process that assure pathogen 
reduction (Godfree and Farrell, 2005). The regulations will make statutory the 
existing controls that the industry voluntarily adheres to.  The use of the Regulations 
and the Code of Practice have proved efficient in preventing any significant adverse 
environmental impacts from the use of sewage sludge in agriculture, including 
damage to the health of humans, animals or crops. There is no documented evidence 
to link the controlled application of sewage sludge and the occurrence of disease on 
general population through food or water contamination when the regulations and 
SSM agreement were followed (FWR, 2002).  
 
3.3 Sewage Sludge Generated from Wastewater Treatment  
Wastewater is the liquid waste deriving from domestic, commercial and industrial 
activities from urban areas combined with the run-off rain water. It comprises a 
complex mixture of organic and mineral matter suspended or dissolved in water and 
is potentially highly polluting if it were released into water. This is because 
degradation of the organic matter would strip oxygen from the water and nutrients 
would stimulate plant and algae growth. Wastewater treatment involves physical, 
chemical and biological processes to remove and degrade organic matter, pathogens 
and solids from wastewaters before they are discharged in rivers, lakes and seas to 
meet applicable environmental standards or other quality norms for recycling or 
reuse. Wastewater treatment usually comprises three stages following a preliminary 
treatment: primary, secondary and tertiary (Figure 3.2).  
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Figure 3.2 Schematic representation of a wastewater treatment plant and 
processes (Maier et al., 2000) 
 
The objective of preliminary treatment is the removal of coarse solids and other large 
materials often found in raw sewage. Removal of these materials is necessary to 
enhance the operation and maintenance of subsequent treatment units. The primary 
treatment involves the separation and removal of floating and suspended solids, both 
fine and coarse, from raw sewage in primary sedimentation tanks or clarifiers. The 
total suspended solids of the incoming wastewater are reduced by at least 50%. The 
effluent from primary sedimentation units is referred to as primary effluent and the 
suspended solids settle at the bottom of the clarifier are describe as primary sludge.  
 
The primary effluent then undergoes secondary treatment consisting of the removal 
of biodegradable dissolved and colloidal organic matter using aerobic biological 
treatment processes. This is performed in the presence of oxygen by aerobic 
microorganisms that metabolize the organic matter in the wastewater, thereby 
producing more microorganisms and inorganic end-products of CO2, NH3, and H2O. 
Common aerobic processes are the activated sludge, trickling filters or biofilters, 
oxidation ditches, and rotating biological contactors. The microorganisms are 
separated from the liquid by sedimentation and the clarified liquid is the secondary 
effluent. A portion of the biological sludge is recycled to the aeration basin to 
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maintain a high mixed-liquor suspended solids (MLSS) level in the activated sludge 
process. The remainder is removed from the process and sent to sludge processing to 
maintain a relatively constant concentration of microorganisms in the system.  
 
Clarified liquid from the secondary clarifier is the secondary effluent and may be 
discharged to the receiving water course or undergo a tertiary process for the removal 
of nutrients such as nitrate. The microorganisms must be separated from the treated 
wastewater by sedimentation in secondary clarifiers to produce clarified secondary 
effluent suitable for discharge. The biological solids removed during secondary 
sedimentation, called secondary or surplus activated sludge, are normally combined 
with primary sludge for sludge processing.  
 
Tertiary treatment is employed when specific wastewater constituents which cannot 
be removed by secondary treatment must be removed like nutrients from wastewater 
to prevent eutrophication of receiving waters. Some examples of nutrient removal 
systems include coagulant addition for phosphorus removal and air stripping for 
ammonia removal. Tertiary treatment processes are sometimes combined with 
primary or secondary treatment or used in place of secondary treatment. These 
tertiary treatments increase the amount of biosolids generated.  
 
Sewage sludge is generated through the wastewater treatment process and consists of 
the surplus biomass grown during the biological treatment steps together with the 
particulate matter that has been separated from the wastewater by primary 
sedimentation. Whilst the treated liquid effluent flows out to the receiving waters, all 
of the sewage sludge produced must be retained for separate processing treatment 
and then finally disposed or used. Untreated sludges are about 97% water with 
complex and highly variable mixtures of organic and inorganic substances. Primary 
sludge comprises a high proportion of human faecal material which contains a 
variety of pathogens and parasites. Sludges from secondary biological treatment 
cannot be regarded as pathogen-free, but the numbers of pathogens present are 
reduced considerably compared with primary sludges.  Some of the pathogens 
present in sludge are described in Section 3.4. 
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3.4 Pathogens Present in Sewage Sludge 
Pathogens present in the enteric or urinary system of humans are discharged in faeces 
or urine into the waste water and transfer to the sludge by direct settlement and 
attachment to settled solids and this poses a potential risk to human health when the 
sludge is recycled or disposed. Despite high rates of removal during treatment 
(Section 3.5) sewage sludge and other organic amendments can potentially contain a 
number of human, animal and plant pathogens. Pathogens present in wastewater are 
concentrated in sludge during treatment processes because they bind to insoluble 
solids separating from water or by direct settling when they have sufficient density 
(mainly eggs, cysts and protozoa). The main groups of pathogenic organisms found 
in sludge are bacteria, viruses, protozoa, parasitic worms (helminths) and fungi. The 
most relevant pathogens present in sludge are listed in Table 3.6. Humans and 
animals are sensitive to some of these organisms as a potential cause of pathologies 
ranging from simple digestion disorders to lethal infections. Therefore, the control of 
pathogens present in sewage sludge is important in public health and was the key 
motivation behind the SSM (ADAS, 2001). 
 
The quantity and type of pathogens present in the original sludge vary depending on 
size and sanitary levels of the population and local conditions of the catchment, as 
human faeces are the main source of pathogens in sewage sludge. Pathogen 
concentrations may vary substantially at different times because of the different 
biotic and abiotic factors influencing their survival (USEPA, 1999). Runoff of animal 
droppings also contributes to the pathogen load of sludge and can increase if food 
industrial waste is connected to the sewer system. The main infection route for 
enteric pathogens is faecal-oral contamination. Humans can get infected by 
pathogens via direct contact with sewage sludge, through contact with vectors that 
have been in contact with the sewage sludge, via aerosols generated after land 
application and mainly by eating food or drinking water contaminated with sewage 
sludge pathogens (O'Connor et al., 2005). The infection of humans by pathogens 
depends on the level of exposure and the infection rate of the pathogen. Some 
pathogens may need one single cell to cause infection in a susceptible host 
meanwhile others may need the presence of several hundreds. The matrix of the 
medium of transmission also influences and the same pathogen can be more 
infectious to the host organism depending on the medium it has been transmitted 
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through (Gale, 2005). Further details on the general characteristics of pathogens in 
sludge can be found in Appendix 1. 
 
Table 3.6 Pathogenic microorganisms that may be found in sludge derived from faecal 
material (Carrington, 2001) 
 
Bacteria 
Bacillus anthracis 
Campylobacter spp. 
Clostridium botulinum 
Clostridium perfingens 
Escherichia coli 
(enteropathogenic strains) 
Leptopsira spp. 
Listeria monocytogenes 
Mycobacterium spp. 
Pseudomonas aeruginosa 
Salmonella spp. 
Shigella spp. 
Staphylococcus spp. 
Streptococcus spp. 
Vibiro cholerae 
     Yersinia enterolitica 
Fungi 
Aspergillus spp. 
Candida albicans 
Candida guillermondii 
Candida krusi 
Candida tropicalis 
Cryptococcus neoformans 
Epidermophyton spp. 
Geotrichum candidum 
Phialophora richardsii 
Trichophton spp. 
Trichosporon spp. 
 
Viruses 
Adenovirus 
Adenoassociated virus 
Astrovirus 
Calicivirus 
Coronavirus 
Coxsackievirus A and B 
Echovirus 
Hepatitus A-virus 
Influenza virus 
Norwalk 
Poliovirus 
Parvovirus 
Reovirus 
Rotavirus 
Small round viruses 
Protozoa 
Balantidium 
Cryptosporidium spp. 
Entamoebae histolytica 
Giardia intestinalis 
Giardia lambia 
Sarcocystis spp. 
Toxoplasma gondii 
 
 
Helminths 
Ancylostoma duodenale 
Ascaris lumbricoides 
Diphyllobothrium latum 
Echinococcus gramulosus 
Taenia saginata 
Taenia solium 
Toxocara canis 
Toxocara cati 
Tricuris trichura 
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3.5 Effect of Sewage Sludge Treatment Processes on Pathogen Removal 
The goals of sludge treatment are to stabilize the sludge and reduce odours, remove 
some of the water, decompose some of the organic matter and thus reduce volume, 
kill disease causing organisms and disinfect the sludge. Treated sludge that is 
suitable for recycling to land is described as biosolids. Sludge-processing involves 
different treatments as explained in Table 3.7.  
 
Table 3.7 Stages and types of sewage sludge treatment and processing (DoE, 
1996) 
 
Process Descriptions 
Sludge Pasteurisation 
Minimum of 30 minutes at 70 °C or minimum of 4 hours at  
55 °C (or appropriate intermediate conditions), followed in all 
cases by primary mesophilic anaerobic digestion. 
Mesophilic Anaerobic 
Digestion 
Mean retention period of at least 12 days primary digestion in 
temperature range 35 ± 3 °C or of at least 20 days primary 
digestion in temperature 25 ± 3 °C followed in each case by a 
secondary stage which provides a mean retention period of at 
least 14 days. 
Thermophilic 
Aerobic Digestion 
Mean retention period of at least 7 days digestion. All sludge 
to be subject to a minimum of 55 °C for a period of at least 4 
hours. 
Composting 
(Windrows or 
Aerated Piles) 
The compost must be maintained at 40 °C for at least 5 days 
and for 4 hours during this period at a minimum of 55 °C 
within the body of the pile followed by a period of maturation 
adequate to ensure that the compost reaction process is 
substantially complete. 
Lime Stabilisation of 
Liquid Sludge 
Addition of lime to raise pH to greater than 12.0 and 
sufficient to ensure that the pH is not less than 12 for a 
minimum period of 2 hours. The sludge can then be used 
directly. 
Liquid Storage Storage of untreated liquid sludge for a minimum period of 3 
months. 
Dewatering and 
Storage 
Conditioning of untreated sludge with lime or other 
coagulants followed by dewatering and storage of the cake for 
a minimum period of 3 months. If sludge has been subject to 
primary mesophilic anaerobic digestion, storage to be for a 
minimum period of 14 days. 
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3.5.1 Pasteurisation 
This process involves the heating of sewage sludge for 30 minutes at 70 oC or for a 
minimum of 4 hours at 55 oC and this produce a sludge that is virtually pathogen-free 
(Carrington et al., 1989a). However, pasteurisation cannot be considered as a 
stabilisation process in itself, as it does not affect the putrescibility of the sewage 
sludge and therefore, pasteurisation must be followed by further digestion, and when 
followed by anaerobic digestion, pasteurisation  enhances removal of organic matter 
(Skiadas et al., 2005). Although it is not a routine method for treatment of sewage 
sludge in the UK, it is viewed as a very effective pre-treatment to achieve enhanced 
pathogen removal in combination with further digestion (UKWIR, 2002). Godfree 
and Farrell (2005) reported that pasteurisation followed by primary digestion 
eliminated bacteria (5.31 to 9 log10 reduction) and poliovirus (8.41 log10 reduction) 
totally, with Cryptosporidium oocyst viability reduced from 53 to 1.3%. The 
remaining oocysts were completely killed after 2 days of primary digestion.  
 
3.5.2 Lime Treatment 
This method eliminates nuisance conditions in sludge through the use of lime (CaO) 
to render the sludge unsuitable for the survival of pathogens. This is achieve by 
adding lime to untreated sludge in sufficient quantity to raise the pH to 12 or higher 
during at least 2 hours (DoE, 1989), creating an environment that halts or retards the 
microbial reactions leading to odour production and vector attraction. Because the 
activity of other organisms is only suspended, offensive odours may be produced 
once the pH values start decreasing, therefore the sludge should not be stored more 
than two days (Carrington, 2001). Apart from the increase in pH the addition of lime 
to the sewage sludge produces an autothermic effect which raises the temperature to 
between 55 and 70 oC. Under these conditions, Ascaris ova and a range of viruses 
were destroyed within 24 hours (Strauch, 1998). A study by UKWIR (2002) 
indicated that lime stabilisation completely killed the bacterial pathogens with a log10 
removal between 6.1 and 9.7, with the exception of small numbers of Salmonella on 
one occasion. Poliovirus were inactivated with a rate >6 log10 and in the case of 
Cryptosporidium oocysts, the loss of viability varied between 2 log10 and no loss.  
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3.5.3 Mesophilic Anaerobic Digestion (MAD) 
MAD involves the decomposition of organic and inorganic matter in the absence of 
molecular oxygen in a heated reactor to produce methane gas and carbon dioxide. 
The process can be done continuously or in two stages. In the two stages process a 
primary digestion at temperatures between 33-37 oC with a retention time usually 
between 12 and 15 days is followed by a secondary stage with a retention period of 
at least 14 days (Carrington, 2001). For the best inactivation results, it is important to 
have a continuous mixing of the material in the digester to ensure that all the material 
is stabilised (Smith et al., 2005).  Anaerobic digestion is the dominant process for 
stabilizing sludge because it can use the methane gas for the generation of heat and 
electricity and the resulting biosolids are suitable for land application. The effect of 
prolonged exposure to temperature, enhanced by the presence of acids and other 
antagonistic compounds decreased the number of pathogens by 2-3 log10 (Carrington 
et al., 1989a), but using MAD treatment alone is not possible to produce a sludge 
virtually free of pathogens (Carrington, 2001).  
 
Horan et al. (2004) reported the efficiency of MAD in removing enteric pathogens in 
a laboratory study using sludge spike with Salmonella, C. jejuni,, L. monocytogenes 
and indigenous E. coli. He found that a two stage MAD process with 12 days 
retention time at 35 oC achieve a >2 log10 reduction for E. coli and the other 
pathogens except C. jejuni which did not decrease in the first stage, reducing its 
numbers by 0.36 log10 in the second stage. The rate of decay increased with high 
initial numbers of organisms. These data agree with a similar study from UKWIR 
(2002), where 0.34, 2.23, 3.8 and 4.24 log10 reduction was achieved for C. jejuni, L. 
monocytogenes, E. coli and S. senftenberg, respectively. The report also showed that 
MAD treatment completely removed Cryptosporidium oocyst (3.2 log10 reduction), 
and poliovirus (6.2 log10 removal). Giardia cysts viability after MAD was reduced 
below detection limits, achieving a reduction of >1 log10. 
 
3.5.4 Thermophilic Aerobic Digestion (TAD) 
TAD involves the biological conversion of organic matter in the presence of air or 
oxygen in an open-top tank. The process is much simpler than anaerobic digestion, 
but no usable gas is produced. It is an energy-intensive process because of the power 
requirements for mixing and oxygen transfer. The temperature can rise up to 70 oC in 
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adequate conditions, but the normal range is between 50 to 65 oC. TAD is normally a 
two-stage process operating at 55 oC in the first stage and 60-65 oC in the second. To 
meet the pathogen reduction requirements, the retention time is 5 to 6 days. In these 
conditions, volatile matter is reduced by about 40 % (Carrington, 2001). Numbers of 
indicator bacteria were significantly reduced in the first stage, with exception of 
Salmonella, which was only eliminated in the second stage. Pathogen reduction rates 
were 4.5 log10 for enterobacteria and 3 log10 for faecal streptococci (EPA, 1990). 
Zabranska et al. (2003) reported reduction rates of 5.6 and 4.8 log10 for faecal 
coliforms and Enterococci respectively and even Salmonella was detected in all raw 
sludge samples, only a between 7 and 27% samples at the end of the process were 
positive.  
 
3.5.5 Composting 
Composting is a cost effective and environmentally sound alternative where 
stabilisation is achieved by biological conversion of solid organic matter to a stable 
end product in an enclosed reactor or in windrows or aerated piles. It requires the 
addition of a bulking agent such as straw or saw dust to adjust the carbon to nitrogen 
(C:N) ratio and is carried out by bacteria, fungi and actinomycetes. Composted 
sludge is of high agricultural value, with a humus-like aspect, with good level of 
disinfection and odour removal and low water content (60% DS) making it easier to 
handle (Carrington, 2001). Composting is accomplished under aerobic conditions 
because this accelerates organic matter decomposition and results in a rise of 
temperature in the pasteurization range of 50 to 70 oC necessary for pathogen 
reduction. The requirements of the UK Code of Practice (DoE, 1989) states that the 
compost must be maintained at 40 oC for at least 5 days and that during that period, 
the temperature should be over 55 oC for at least 4 hours in the body of the pile. In 
addition to this, a maturation period must follow to ensure that the process is 
complete. Over the years several studies have focused on pathogen presence and 
inactivation in composting material, although comparison of results is problematic 
due to the differences in processes and operating protocols between the studies. In a 
simulation study with the conditions established in the UK Code of Practice (DoE, 
1989) using a mix of spike sludge and barley straw as bulking agent, E. coli was 
totally inactivated (>6 log10 reduction). C. jejuni, S. enteriditis, S. dublin and 
poliovirus were also completely removed. S. senftenberg and L. monocytogenes were 
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removed more effectively if the high temperature rate were applied first (Godfree 
and Farrell, 2005).  
 
3.6 Fate of Pathogens in Agricultural Soil Amended with Biosolids  
3.6.1 Introduction 
Pathogens are naturally present in the environment, and despite high rates of 
elimination during sewage sludge treatment, its application to agricultural soil 
involves the transmission of residual numbers of pathogens to the soil matrix 
(Feachem et al., 1983; Benckiser and Simarmata, 1994; Carrington, 2001; Gale, 
2005). Because of the possibility of transmission and infection to humans and 
animals if the soil is used for agricultural purposes, it is important to understand the 
behaviour and fate of these pathogens. Soil can act as a vector of transmission of 
pathogens, but at the same time it acts as an environmental barrier against enteric 
infections because of the natural decay of the organisms that takes place in the soil. 
Thus, addition of sewage sludge to soil provides an environmental barrier to disease 
transmission if appropriately managed. The WHO (1981) proposed a multi barrier 
approach to minimise the health risk associated with the agricultural re-use of 
biosolids. Within the multiple barrier approach to minimise microbiological risk 
from agricultural reuse of biosolids is the process of natural attenuation of enteric 
pathogens in soil (Lang et al., 2007). Sludge-borne pathogens decay over time, but 
little is known about the actual mechanisms involved under temperate conditions 
(Rogers and Smith, 2007). Therefore, understanding the persistence and fate of 
sludge-borne pathogens is necessary to provide the basis of management practices 
minimising potential risks of infections associated with recycling of sewage sludge to 
agriculture. Advantage is taken of the decay of enteric microorganisms in soil by 
stipulating waiting periods before certain food crops can be harvested and applying 
grazing and occupational restrictions on humans and livestock after biosolids 
application. Survival of pathogens in soil depends on several direct and indirect 
factors, some of which act in synergy (Gerba et al., 1975). Direct factors are 
associated with the type of pathogen and its biological characteristics. As an 
example, spore forming bacteria are more resistant than vegetative bacteria, 
enteroviruses are more resistant to dehydration than enveloped viruses and helminths 
and parasitic protozoa have developed a lifecycle stage (ova or cyst) resistant to 
environmental pressures (Roper and Gupta, 1995; Gaspard et al., 1997; Pourcher et 
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al., 2007). In general, bacteria and viruses do not survive for long on the soil surface, 
while helminths can survive for as long as 38 months (Bethony et al., 2006). Another 
factor to take into account is the possibility of regrowth of some pathogens. Bacteria 
can regrow if they are not completely eliminated under favourable conditions, but 
viruses and parasites cannot regrow outside their specific host (Cogger et al., 2001). 
Indirect factors influencing survival include sunlight, temperature, moisture, pH, soil 
texture, quantity of sludge applied, its pathogenic content and the application method 
(Opperman et al., 1989; Topp et al., 2003). Inactivation can also be the result of 
biological factors, including predation, competition, parasitism and antagonism by 
the production of inhibitory substances by soil microorganisms (Gerba, 1986). 
Depending on these conditions survival periods may vary according to the organism 
from a few days to several years. Tables 3.8 and 3.9 show some average survival 
times for different pathogens and a summary of pathogen decay in soil.  
 
Table 3.8 Average survival time for pathogens (Feachem et al., 1983) 
 
Pathogens Average survival in soil 
Bacteria: Salmonella, faecal coliforms < 70 days (often < 20 days) 
Viruses: Enteroviruses < 100 days (often < 20 days) 
Protozoa: Entamoebae histolytica < 20 days (often < 10 days) 
Helminths: Ascaris, Taenia saginata Several months 
 
Table 3.9 Summary of pathogen decay in soil (Gale, 2005) 
 
 Log decay on soil 
Pathogen Experimental 
range (time) 
Extrapolated 42 
days 
Extrapolated 
to 1 year 
Salmonella 2.11 (5 weeks) 2.53 21.94 
Listeria monocytogenes 3.0 (30 days) 4.2 36.5 
Campylobacter 2.4 (16 days) 6.3 54.75 
E. coli O157 4.5 (50 days) 
1.05 (49 days) 
- - 
7.82 
Cryptosporidium 3.0 (63 days) 
1.0 (12 weeks) 
- - 
4.33 
Giardia 2.78 (12 weeks) - 12.04 
Enteroviruses 4.0 (90 days) - 16.22 
 
Most sludge-borne pathogens remain in the first centimetres of the soil surface after 
application. Surface application of sewage sludge increases the rate of decay of 
introduced pathogens because a more direct effect of deleterious environmental 
factors (sunlight, temperature and desiccation) compared to when it is deep injected 
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or plough down. However, injection or ploughing of sludge reduces the contact 
between pathogens and animals or humans as well as dissemination to the 
environment and is, therefore, in itself a physical barrier to pathogen transmission 
(Andrews et al., 1983; Hutchison et al., 2004).  
 
Several studies reported that it can be difficult to assign a single factor the decrease 
in the survival of pathogens in soils, and that it is often explained by a combination 
of factors acting in synergy (Pourcher et al., 2007). Consequently, the results found 
in the literature on pathogen survival characteristics in soil are highly variable. This 
emphasises the need for a better understanding of the fundamental mechanisms 
involved in pathogen inactivation.  
 
3.6.2 Temperature 
 Temperature is one of the most important factors controlling pathogen survival time 
in soil, which increases with decreasing temperature conditions (Reneau et al., 1989; 
Cools et al., 2001; Tyrell et al., 2003). Carrington et al. (1989a) calculated the 
removal of viruses in sludge-amended soils and reported that the reduction rates were 
between 2.7 and 3.7 days in summer and 24 days in winter.  
 
Horswell et al. (2007) in a study investigating the survival of E. coli and Salmonella 
spp. in a pine forest amended with sludge in spring and autumn/winter, showed that 
E. coli numbers reduced to background values after 3 weeks during the spring 
application. E. coli survived longer in autumn/winter and required 5 weeks to reduce 
the numbers significantly.  
 
In a series of experiments investigating the survival of E. coli and Enterococcus spp. 
after pig slurry application to soil at 5, 15 and 25 oC, Cools et al. (2001) reported that 
both species survived better at 5 oC. Numbers of Enterococcus remained the same 
over the period of study and E. coli numbers decreased approaching the detection 
limit after 68 days. At 25 oC both types declined rapidly with Enterococcus and E. 
coli undetectable after 54 and 26 days, respectively. This suggested that reduced 
survival times with increasing temperature conditions were associated with increased 
activities of the indigenous soil microbial competition. Lang et al. (2007) suggested 
that under temperate climate, the temperatures achieved are not directly harmful to 
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the enteric bacteria. Fremaux et al. (2008) evaluated the survival of E. coli O26 
strains inoculated in 3 different manure-amended soils (2 loam soils and 1 clay loam 
soil) in the laboratory. E. coli survived in one of the loam soils after 288 and 196 
days at 4 and 20 oC respectively. In the other 2 soil types the bacteria survived for at 
least 365 days, with the clay soil showing greater survival than the loam soils at 20 
oC. Holley et al. (2006) reported that when applying pig slurry inoculated with 
Salmonella to soil, temperature had a significant effect on the decay, with higher 
survival occurring during the first 45 days at 4 oC compared to 25 oC.  
 
In the case of protozoa parasites, Giardia was sensitive to temperature with non-
infective cysts detected after 7 days both at -4 oC and at 25 oC, meanwhile 
Cryptosporidium cysts may survive for > 12 weeks at -4 oC and up to 4 weeks at 25 
oC (Olson et al., 1999). 
 
Habteselassie et al. (2006) reported that E. coli concentration in soil decreased by 
0.25, 0.8 and 1.6 log10 cfu g-1 in 29 days after incubation at 6, alternating 6 and 23 
and 23 oC respectively. When incubating alternatively at 6 and 23 oC simulating 
spring time temperature conditions survival was greater than when incubated at 
constant 23 oC.  
 
3.6.3 Soil Moisture Content 
Increasing soil moisture is generally reported to extend the survival of pathogens.  
Bacterial and viruses populations decline rapidly under dry soil conditions 
(Santamaria and Toranzos, 2003). Soil moisture content influences pathogen decay 
due to dessication and autolysis of bacterial cells with decreasing moisture (Fenlon et 
al., 2000).  It also has indirect influence by modulating soil predatory or antagonistic 
processes which increased with increasing moisture (Vargas and Hattori, 1986; Lang 
and Smith, 2008). Cools et al. (2001) measured the survival of Enterococcus and E. 
coli in soil amended with pig slurry under 3 different moisture contents (60, 80 and 
100% field capacity). The largest survival times for both species were recorded at the 
highest moisture content.  
 
The field experiments carried out by Lang et al. (2007) on the fate of E. coli added to 
two different agricultural soils (sandy loam and silty clay) in sludge showed that soil 
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moisture under temperate conditions was not a major factor influencing the survival 
of indigenous enteric E. coli. In the experiments soil moisture ranged from 12.5-21% 
in spring-summer and 19-23% in the autumn-winter period, indicating that soil may 
not dry to the extent that soil predatory processes are completely restricted under 
field conditions. In a similar experiment under controlled laboratory conditions Lang 
and Smith (2007) reported longer survival time for E. coli in air-dried soil than in 
moist soil after the addition of biosolids, because under laboratory conditions the soil 
can be dried to a much greater extent, which prevents soil predatory and antagonistic 
processes from operating. 
 
3.6.4 Soil Matrix 
Increasing clay content favours the adsorption of microorganisms to soil particles, 
increasing protection of bacteria and viruses against predators and therefore, 
increasing their survival (England et al., 1993). Soil clay content also influences 
moisture retention, also impacting on the survival of organisms (Pepper et al., 1993). 
Dowe et al. (1997) reported that L. monocytogenes survival in experimental soil 
columns was longer in clay or sandy loam soil than in a sandy soil. This was 
explained by the fact that L. monocytogenes could move in the small pore size 
provided by the fine texture soil, being protected at the same time from potential 
predators which were not able to go through the small pore sizes.  
  
However, Cools et al. (2001) reported that after pig slurry application to 3 soils with 
different textures, E. coli survived for a significantly longer period in a sandy soil 
than in loamy and loamy sand soil types. In the same study, Enterococcus survived 
longer in the loamy soil. Increased survival in sandy soils was probably explained by 
a higher OM content of that soil type compared to the others tested, as OM is 
important for water retention which will increase survival of microorganisms. Lang 
and Smith, (2007) found fewer indigenous E. coli in a silty clay soil compared to a 
sandy loam soil in a laboratory incubation experiment. In this study however, the 
organic matter content was 30% higher in the silty clay soil, and the possibility that 
enhanced activity of the soil microflora with increasing OM in reducing enteric 
bacteria survival was proposed (Acea et al., 1988).  
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3.6.5 Soil pH 
Soil pH influences the survival of pathogens by affecting the adsorption 
characteristics to soil particles. Adsorption decreases as pH increases and therefore, 
inactivation rates are lower in acid soils (Santamaria and Toranzos, 2003). Thus, in a 
laboratory experiment under controlled conditions, Sjogren et al. (1994) showed that 
survival was more increased in the neutral to alkaline soil (pH=6.8-8.3) than in acid 
soil (pH=5.5).  
 
3.6.6 Interactions Between Organisms 
Soil environment is a complex ecosystem with high microbial diversity containing 
various groups of bacteria, viruses, protozoa, fungi and nematodes. The interaction 
between the indigenous microorganisms in soil with the pathogens added in biosolids 
plays a vital role on the survival of pathogens in soil. Predation, competition, 
antagonism and parasitism are the main ecological mechanisms influencing the 
inactivation of pathogens in soil (Mallory et al., 1983; Trevisan et al., 2002; Nasser 
et al., 2002; Byappanhalli and Fujioka, 2004). These mechanisms together with the 
environmental factors discussed previously in Section 3.6.2 and 3.6.3, have 
significant influence on the survival of exogenous microorganisms added to the soil. 
In contrast, indigenous microorganisms are much better adapted to survival in such 
environments. Under favourable conditions of moisture content and organic substrate 
supply, the indigenous population will flourish becoming more active, enhancing the 
biological mechanisms that decrease the survival of pathogens added to soil (Cools et 
al., 2001; Jiang et al., 2002).  The different mechanisms occurring through the 
microbial interactions between indigenous and added organisms are discussed as 
follows. 
 
3.6.6.1 Competition 
One of the most important factors influencing the survival of pathogenic organisms 
in soil is the competition with the existing microflora. In soils with low microbial 
activity, added organisms may persist longer (Bitton, 1994). 
 
Recorbet et al. (1992) studied the survival of E. coli in soil in an incubation 
experiment. E. coli was added to sterile soil previously recolonised by soil 
microflora, but without protozoa and to sterile soil. Therefore, no predatory pressure 
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existed in the inoculation treatment.  E. coli decreased by 104 fold reduction in the 
recolonised soil compared to sterile soil, indicating competition between E. coli and 
indigenous microflora.  
 
Jiang et al. (2002) measured the fate of E. coli in soil following the application of 
different rates of manure in a 1:10 ratio to autoclaved sterile and unsterile soil. The 
autoclave treatment was designed to minimise the influence of indigenous soil 
microorganisms on E. coli decay. Manure addition supplied 107-108 cfu bacteria g-1 
ds. E. coli inactivation occurred more rapidly in unsterile soil due to the antagonistic 
effect of manure microorganisms on E. coli. 
 
3.6.6.2 Parasitism 
Bacteriophages are viruses that infect and lyse bacteria. Bacteriophages, therefore 
control bacteria numbers, and they also facilitate gene transfer among bacteria in the 
biosphere (Ashelford et al., 1999). Bacteriophage are present in substantial 
populations in soil (1.5 x 108 g-1), estimated by direct counting. Rates of phage 
infection of P. auriginosa are between 2 to 37% and if this is representative of other 
soil bacteria, a high proportion of them could be infected by phage. Increased host 
growth following the addition of OM, carbon, nitrogen and phosphorus following the 
application of biosolids is likely to stimulate phage replication.  However, it was also 
suggested that phage-host interactions ultimately arrive at an equilibrium state, such 
that typical predator-prey oscillations can be derived (Marsh and Wellington, 1994).  
This is of particular relevance to parasites such as phage which demonstrate host 
specificity. In a similar study carried out in a natural environment with native 
bacteria and phages, it was demonstrated that an increase in numbers of indigenous 
soil bacteria can lead to a rise in bacteriophages, making it possible to predict 
interactions in soil (Ashelford et al., 2000). Withey et al. (2005) discussed the 
potential application of phage techniques in wastewater treatment systems to 
improve effluent and sludge emissions into the environment.  The potential control of 
enteric pathogens by bacteriophages has been suggested as a possible mechanism of 
interest for control of environmental wastewater process problems such as foaming 
in activated sludge plants, sludge digestibility, pathogenic bacteria and to reduce 
competition between nuisance bacteria and functionally important microbial 
populations.  
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3.6.6.3 Predation 
Protozoa and nematodes are the main groups of soil organisms which prey on enteric 
pathogens (Opperman et al., 1989; Griffiths et al., 1998). The grazing action of 
protozoa on indigenous soil bacteria is a well known phenomenon and is potentially 
an important biotic mechanism responsible for the removal of pathogenic bacteria 
(Fenchel, 1987; Ekelund and Ronn, 1994; Clarholm, 2005). The ecological role of 
soil protozoa in eliminating enteric bacteria will be further discussed in Section 3.9.  
 
Other predator organisms present in the soil are rotifers and earthworms. Predation 
by free-living protozoa and rotifers was investigated as a possible mechanism for the 
removal of Cryptosporidium parvum oocysts in aquatic ecosystems including 
wastewater treatment plants (Stott et al., 2003). All organisms investigated ingested 
C. parvum oocysts, but ciliated protozoa demonstrated greater predation activity than 
rotifers when exposed to 2×105 oocyst mL-1 for up to 3h. Rotifers ingested on 
average 1.6 oocysts/individual (range 0–7 oocysts/individual) whilst amoebae 
ingested on average 1.8 oocysts/cell after 2 h exposure (up to 3 oocysts/cell).  
 
Some earthworms can simultaneously affect soil microorganisms and their microbial 
grazers through their feeding, burrowing and casting activities (Brown et al., 2000) 
Earthworms also predate on bacteria, as shown by Brown and Mitchell, (1981) in a 
study where the population of Salmonella introduced to soil containing earthworms 
was reduced by a factor of 4 after 48 hours compared to Salmonella from earthworm-
free soil. The indigenous soil bacteria were reduced to a less extent by earthworm 
activity compared to the introduced enteric organism.  
 
Another predator present in soil is Bdellovibrio, gram negative bacteria with obligate 
requirement for other gram negative bacteria. They are commonly found in soils and 
have the potential to predate on enteric pathogens (Wilkinson, 2001). However, there 
are no definitive studies about the effect of Bdellovibrio in agricultural soil to control 
pathogens (Jurkevitch et al., 2000). 
 
3.7 Effect of Biosolids on Soil properties 
The addition of sewage sludge can be beneficial to soil in a variety of ways. It 
provides valuable plant nutrients, improves soil structure and helps to prevent 
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erosion, increases water holding capacity and returns C to the soil. It is also an 
alternative to using non-renewable materials (in particular inorganic phosphate 
fertiliser) for plant nutrition. The beneficial impact on soil properties is mostly due to 
the increase in soil organic C, which influences a number of soil physical, chemical 
and biological characteristics, which in turn have a positive impact on soil quality 
and fertility (Chambers et al., 2003; Ojeda et al., 2003). Recycling biosolids to 
agricultural soil has an economic impact for farmers by reducing the amount of 
inorganic fertilisers needed to meet requirements for crop growth.  
 
3.7.1 Biosolids as a Fertiliser  
Sewage sludge contains compounds of agricultural value including organic matter 
and nitrogen, and to a lesser extent, calcium, sulphur and magnesium and other trace 
components. Sludge application therefore can replace a significant proportion of the 
inorganic fertiliser requirements of crops. 
 
Organic matter is one of the most important components of soils, influencing soil 
physical, chemical and biological properties (ADAS, 2001). Regular applications of 
sewage sludge will lead to slow but progressive increases in soil organic matter 
(OM) content (Chambers et al., 2003). Organic matter content of urban sewage 
sludge usually is more than 50 % DS but varies according to treatment processes and 
the extent of volatile solids removal achieved by stabilisation (Table 3.10). 
 
Table 3.10 Content of organic matter in sludge after different treatment 
processes compared to other urban waste and animal manure (Lineres, 2000) 
 
 OM content (%DM) 
Urban sludge Aerobic digestion 
          Anaerobic digestion 
          Thermal treatment 
          Lime treatment 
          Composting 
60-70 
40-50 
<40 
<40 
50-85 
Urban compost 
Green waste composting 
40-60 
30-60 
Animal manure 45-85 
 
Cumulative sludge applications have increased soil organic carbon, and CEC and 
decreased pH (Antolin et al., 2005). The reduction in pH value is associated with 
increased rates of nitrification of NH4-N applied directly in biosolids or released 
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from mineralisation of organic N, primarily with anaerobically digested sludge types; 
in alkaline soils this effect may be an advantage.  Stadelmann and Furrer (1985, cited 
in Cameron et al. 1997) reported that after seven years of applying sewage sludge at 
a rate of 5 t DS ha-1 y-1 the organic carbon content of a sandy loam soil was increased 
from 1.5% to 2.6%. Wei et al (1985) investigated the impact of sludge application at 
44.3 and 112 tDS ha-1 on an agricultural silt clay loam and Lindsay and Logan 
(1998) studied application rates varying from 7.5 to 300 t DS ha-1 of digested sewage 
sludge to an agricultural silt loam, and both studies showed significant increases of 
soil organic carbon content five years after one off applications. A study established 
on seven field experimental sites in the UK (Chambers et al., 2003)  with annual 
application rates between 10-19 t ha-1
 
DS in five sites and 96 t ha-1 DS at the two 
other sites, reported an increase in topsoil organic matter (OM) in five sites 
compared with inorganic fertiliser controls. Degradation of the organic matter 
increases the soil content of plant available nutrients that are of agricultural value 
(such as N, S, Mg etc.). These are released more slowly than in the case of mineral 
fertilisers and are therefore available for a longer period to crops (ADAS 2001), and 
may increase crop yields. 
 
Sludge has a similar N and P fertiliser value to animal manures and slurries. 
Chambers et al. (2003) indicated that the value of biosolids as a source of major 
plant nutrients was confirmed by increases in soil total N, soil extractable P, plant 
available S and soil extractable Mg compared to the inorganic fertiliser controls. 
Sludge treatments processes can have a profound influence on their contents of N 
and P and their availability (Tables 3.11 and 3.12). 
 
The N and P value of conventional and enhanced treated biosolids have been recently 
investigated in an extensive programme of field experiments (Morris et al., 2003; 
Smith and Bellet, 2001; Smith et al., 2002; Smith et al., 2003). Fertiliser N 
replacement values ranging from 30-35% of total N and the size of mineralizable N 
fraction increased in sludges treated by thermal processes.  Phosphorus availability 
from conventionally treated dewatered biosolids was 50% of that mineral of P 
fertiliser. Liquid sludges and dewatered materials from plants operating biological P 
removal had the highest overall P availabilities.  
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Nitrogen and P addition to agricultural soil is beneficial, but it must be done 
following established recommendations and regulations to prevent leaching and run-
off from the soil that may cause eutrophication of waters.  
 
Table 3.11 Effect of sludge treatment processes on the N and P contents of some 
sewage sludge (ADEME, 1996) 
 
Type of treatment Total N 
(%DM) 
N-NH4+ 
 (% of 
total N) 
P2O5 
(% of 
DM) 
P 
(% of 
DM) 
Liquid sludge 
Aerobic digestion, gravity 
thickening 
Aerobic digestion, mech. thickening 
Anaerobic digestion 
Lagooning 
 
5-7 
4-7 
1-7 
1-2 
 
5-10 
2-8 
20-70 
N/A 
 
2.5-12.65 
 
4.9-6.9 
 
 
1.1-5.5 
 
2.1-3 
Semi-solid sludge 
Aerobic digestion, mech. Dewater. 
Anaerobic digestion, mech. 
dewater. 
Lime treatment 
 
3-5.5 
1.5-3 
3.4-5 
 
<5 
<5 
<10 
 
 
 
2.5-12 
 
 
 
1.1-5.2 
Solid sludge 
Aerobic digestion, lime treatment  
Composted 
Aerobic, dewatered on drying beds 
Anaerobic, dewatered on drying 
beds 
 
2.5 
1.5-3 
2-3.5 
1.5-2.5 
 
<10 
10-20 
<10 
<10 
  
Dried sludge 3.5-6 10-15   
 
Table 3.12 N availability depending on treatment process according to 
laboratory results (ADEME, 1996) 
 
Sludge type Availability (%) 
Aerobic digested sludge 24-61% 
Anaerobic digested sludge 4-48% 
Digested composted sludge 7% 
Composted raw sludge 4% 
Thermally dried sludge 7-34% 
 
3.7.2 Effect of Biosolids Application on Soil Physical Properties 
Addition of biosolids to agricultural soil has a positive impact on soil physical 
properties. Increasing soil organic matter content by biosolids addition improves soil 
structure (bulk density and the distribution, size and shape of pores), increases 
 53 
mineral and water retention properties and soil bearing strength, and reduces surface 
runoff and erosion (Chambers et al., 2003). The level of impact sludge application 
has on soil physical condition depends on many factors including type and 
composition of the sludge, application rate and method, soil properties and climatic 
conditions.  
 
Chambers et al (2003) reported that water capacity increased by 5% above control 
treatments in light texture soil and this was correlated with the OM addition in the 
sludge. Soil porosity and strength increased as bulk density decreased after biosolids 
application, improving the potential for air and water movement through the soil. 
Different studies have shown that organic amendments decrease soil bulk density and 
penetration resistance with increasing amendment rate; aggregate stability, porosity 
and infiltration rate also increase with amendment rate (Khaleel et al. 1981; Pagliai 
et al. 1981; Metzger and Yaron, 1987; Tester 1990; Lindsay and Logan, 1998; 
Aggelides and Londra, 2000; Garcia-Orenes et al., 2005; Cogger, 2005). Positive 
effects on soil physical structure have also been recorded at low application rates. 
Positive effects on aggregate and water aggregate stability have been recorded at 
application rates as low as 12 tDS ha-1 and 10 tDS ha-1 (limed sludge) respectively 
(ADAS, 2001).  
 
Changes in structural stability caused by the application of sludge to land also 
depend on the texture of the soil. Sandy soils with low stability respond more than 
clay soils with high stability to sludge application (Cameron et al., 1997, Aggelides 
and Londra, 2000). Cameron et al. (1997) reported that additions of sewage sludge to 
a sandy loam soil increased soil aggregate stability (soil strength) by 41%, whilst 
additions to clay soil had no significant effect. Khaleel et al. (1981) found the effect 
of sludge incorporation on bulk density was more pronounced in coarse textured 
soils. However, all the soil types observed ranging from clay loam to coarse sand 
showed a decrease on bulk density with sludge addition. 
 
3.7.3 Effect of Biosolids Application on Soil Biological Properties 
The living organisms of soils can be divided into two broad categories, 
microorganisms: fungi, bacteria, actinomycetes and algae; and macroorganisms: 
protozoa, nematodes, earthworms, arthropods (insects, spiders, etc.), and rodents.  
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The effect of biosolids application on SMB and protozoa is explained in Section 3.8 
and 3.9, and the potential pathogens present in sewage sludge are detailed in 
Appendix 1.  
 
Addition of OM to soil in the form of manure and sludge increases the SMB content 
due to the incorporation of easily biodegradable organic substrates which stimulate 
the soil microbial activity, together with the addition of viable microorganisms to the 
soil in sewage sludge. The level of response is dependent on the original composition 
of the soil. Application of sewage sludge can have positive impacts on biodiversity 
of fauna and flora through addressing potential deficiencies in soil fertility, plants, 
animals and microorganisms.  
 
Petersen et al. (2003) reported an increase in soil micro-arthropods population 
density after addition of organic amendments, without differences between sludge 
types (anaerobically digested and dewatered sludge from an aeration tank). 
 
3.8 Soil Microbial Biomass 
Soil microbial biomass (SMB) is the living part of the soil organic matter, excluding 
plant roots and soil animals. It is a measure of the amount of soil C or N tied up in 
living and dead soil microorganisms, mainly bacteria and fungi. Although typical 
carbon biomass values range from 1 to 5% of organic matter in soil, it plays a vital 
role as an agent of soil processes (Rowell, 1994).  
 
The SMB is responsible for organic matter transformations and nutrient cycling in 
soil. During these processes, organic material entering the soil is transformed by the 
microorganisms to generate energy and produce new cellular metabolites, and to 
support their maintenance and growth, being responsible for the processes of 
mineralisation-humification of the organic matter and for the N immobilisation-
turnover. SMB is a labile source and an immediate sink of C, N, P and S. In addition 
to this, SMB forms symbiotic associations with roots, act as biological agent against 
plant pathogens and contribute to the aggregation and formation of soil (Dalal, 
1998). 
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SMB in different ecosystems is linked to the nutritional status of soils, and to the 
organic matter added. It is more sensitive and responds much more quickly to 
changing conditions than does the soil OM as a whole, especially SMBC, which is 
highly responsive and sensitive to the addition of organic materials, even at low 
doses (Pascual et al., 1997).  Therefore, SMB activity is commonly used to 
characterize the microbiological status of a soil and soil quality (Nanniperi et al., 
1990), and to determine the effects of different management practices, contamination 
or fertiliser amendments on soil fertility and biological condition (Banerjee et al., 
1997; Franco-Hernandez et al., 2003; Jedidi et al., 2004; Fernandes et al., 2005). 
 
The dynamics of biotic components that are affected by environmental factors, such 
as temperature and moisture content, together with the quality of organic matrices 
applied to soil and soil characteristics, are of great agronomic importance. The 
variety and complexity of these components in soil systems make it difficult to study 
the effects that occur. Modifying the biological equilibrium by addition of soil 
amendments causes changes in the composition and activity of soil biomass, 
affecting soil fertility in both the short and long-term. Therefore, the addition of OM 
to soil is of benefit to maintaining soil fertility.  
 
Available C in organic materials entering the soil is the driving force behind 
mineralisation processes. The extent of the turnover is mainly controlled by the size 
and activity of the microbial biomass (Martens, 1995). Thus, the measurement of the 
SMB is of importance in studies of nutrient cycling and ecological processes in soils 
and provides a marker of soil fertility status (Ayanaba et al., 1976; Dalal, 1998). The 
microbial biomass provides a labile pool of C and nutrient elements and quantifying 
the dynamics of the soil microbial biomass provides a measure of the overall impact 
and the microbial response and activity linked to soil amendment with organic 
substrate materials such as sewage sludge.   
 
3.8.1 Environmental Factors Affecting SMBC  
3.8.1.1 Temperature and Moisture Content 
Seasonal factors alter the composition and function of SMB (Zogg, 1997) and soil 
temperature and moisture have an important influence in the amount of SMB 
measured in soil (Wardle and Parkinson, 1990). Soil microbial biomass increased 
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with increasing mean annual precipitation, but decreased with mean annual 
temperatures above 28 oC in a semiarid subtropical environment (Dalal, 1998). 
Alvarez et al. (1995) reported a decrease in SMBC when temperature increased from 
10 to 20 oC. Devi and Yadaba (2006) reported that microbial biomass C and P 
showed a positive significant correlation with soil moisture, soil temperature, 
rainfall, mean air temperature and relative humidity. Zaman and Chang (2004) 
measured the effects of soil temperature and moisture content on SMBC in two soil 
types incubated at three moisture contents (100, 75, 50% field capacity) and three 
temperatures (5, 25, 40 °C) in the laboratory. The largest SMBC concentration 
occurred at 25 oC (736 µg C g-1 ds) and 5 oC (660 µg C g-1 ds), but the SMBC 
decreased markedly at 40 oC (356 µg C g-1 ds). Moisture content also influenced 
microbial biomass C content, although to a lesser degree and the effect was 
temperature dependent. At 25 oC SMBC was highest at 100% field capacity and 
declined with decreasing water content. Several studies on soil microbial biomass 
have reported that there was a direct relation between soil moisture and microbial 
biomass concentration (Sarathchandra et al., 1989; Acea and Carballas, 1990; Diaz-
Ravina et al., 1995) and the maximum biomass value is obtained is obtained in moist 
soil conditions and the minimum amount found in dry soil. 
 
3.8.1.2 Soil Matrix 
The soil matrix has the capacity to protect SMB, as well as being storage space for 
substrates near microbes, holding the substrates close to the microbial cells and 
providing an environment for the efficient use of metabolic products for biosynthetic 
reactions. Soil microbial biomass increased with increasing clay content up to a 
maximum of 50% of clay, above which the clay content lack of effect on SMBC. 
(Powlson and Jenkinson 1981; Vanveen, 1990). In an aggregated silty loam soil, 
SMB increased from 122 mg kg-1 soil in the >0.2 mm fraction to 328 mg kg-1 soil in 
the 0.020-0.002 fraction (Van Gestel et al., 1996). Kaiser et al. (1992) reported that 
there was a direct relation between clay content and SMB.  However, the effects of 
sand on organic matter turnover and microbial performance were more complex and 
indirect than those of clay, and other factors such as climate, vegetation and 
topography also needed to be considered. 
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3.8.1.3 Soil Management 
Intensive agricultural management practices have reduced the OM content of soil 
(Balesdent et al., 2000) also decreasing soil structure stability (Bronick and Lal, 
2005). This has had a direct effect on SMB, which usually declines when soils are 
cultivated compared to forest and grassland systems (Srivastava and Singh, 1991). 
However, crop rotation increases the SMB by regulating the quantity and quality of 
plant biomass, especially root biomass. In crops, the effects on SMB are mainly due 
to the amount of C inputs through plant growth and return of plant residues to the 
soil (Dalal et al., 1995).  
 
3.8.1.4 pH 
Soil pH has been identified as important in field and lab studies. Soil pH has a strong 
influence on the SMB and determines the chemical environment that modulates the 
physiological processes and development of higher plants and soil microbes in both 
laboratory and field studies (Han et al., 2007). Kemmitt et al. (2006) in a long term 
study tested the relationship between pH and rates of C and N cycling. The SMB 
increased in linear relation with increasing soil pH value. Lime application to 
agricultural soil solubilises OM and short-term microbial responses may be due to 
the increase in substrate availability than a direct effect of pH on SMB (Kemmitt et 
al., 2006). Baath and Anderson (2003) reported similar results in a study on the 
effect of natural pH differences on the structure of the soil microbial community 
exposed to a pH gradient from 3 to 7.2. Here, the SMB was also positively correlated 
to the soil pH value. Friedel et al. (2006) reported that microbial biomass increased 
with increasing pH value in the mineral horizons and stated that soil pH appeared to 
be critical for the incorporation of C into microbial tissue.  
3.8.2 Effect of Biosolids Application on the Soil Microbial Biomass 
Addition of organic amendments generally has a positive effect on the amount of 
SMB. The importance of SMBC in the soil following application of biosolids is 
essentially the result of the availability of organic C in the amendment, the type of 
organic amendment, its chemical characteristics and its degree of stability. SMB 
increases after biosolids addition by the development of new biomass in the sludge 
and stimulation of the endogenous soil biomass (Pascual et al., 1997; Fernandes et 
al., 2005). 
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Jedidi et al. (2004) studied the effects of amending a loamy-clayey soil with 
composts of municipal solid waste of different ages, sewage sludge and farmyard 
manure in the SMB. An increase in SMB was measured depending on the type, 
degree of stability and chemical characteristics of the organic amendment. The 
microbial biomass content decreased according to the period of incubation. From the 
fourth week of incubation, even the unstable organic material had the tendency to 
develop a stable biological activity, and consequently a stable SMBC content. 
Similar results were reported by Pascual et al. (1997) in an incubation experiment 
with the addition of municipal solid waste, sewage sludge and compost. The SMBC 
concentration increased to a larger extent with the addition of fresh waste than with 
compost, as the sludge goes through a process involving a high degree of microbial 
activity, and once the process has finished, part of the microorganisms are retained in 
the sludge. Therefore, in addition to the OM incorporated in the amendments to be 
used for soil microorganisms, sludge addition is a direct source of viable 
microorganisms, thus further increasing SMBC concentrations. 
 
Selivanovskaya and Latypova (2006) reported that compost application as a 
restoration agent for the soil of the nursery forest, generally increased the soil 
SMBC. High rates of composted sludge addition gave larger increase in SMBC over 
the control by a factor of 2 to 3.1, and this effect was sustained over the two years 
period of the study. The concentrations of individual heavy metals were also raised 
after application, but were below the current limits established for European 
countries and had no effect on the SMBC. Similarly, Khan et al. (2007) stated that 
SMBC, N, and P did not show any clear response to soil heavy metal concentration.  
 
Jimenez et al. (2007) evaluated the effects on SMB content of dewatered sludge, 
thermally dried or composted dewatered sewage sludge addition to a clayey and a 
sandy soil incubated for 9 months. Soil microbial biomass decreased with time after 
an initial increase, although SMBC in treated soils remained above the control value 
at the end of the incubation period. The various soil amendments were ranked in 
decreasing order of the initial stimulation as: thermally dried > dewatered sludge > 
compost due to the microbial activity. The increase was also generally higher in the 
sandy than in the clayey soil, probably due to the lower initial organic matter content 
of the coarse compared to the finer texture soil type. 
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Antolin et al. (2005) investigated the effects of sewage sludge application to barley 
in a field experiment. Biosolids applications at three different rates increased SMB. 
Biosolids had a positive initial effect, but only short residual influence on SMB 
concentration following a single application of sludge.  
 
Similarly, Sanchez-Monedero et al. (2004) reported that land application of untreated 
and composted sludge increased the size and activity of SMB, with the magnitude of 
the response depending on the stability of the applied material. Composted sewage 
sludge increased the SMB content, however, the addition of untreated sewage sludge 
doubled the size and activity of the SMB compared to mature compost.  
 
3.9 Soil Protozoa 
3.9.1 Introduction 
Soil protozoa are a very important group within the soil microbial community that 
influence the composition and numbers of bacterial populations in soil and stimulate 
mineralization processes (Fenchel, 1987; Ekelund and Ronn, 1994). The dispersal of 
protozoan species is ubiquitous and randomly distributed due to their small size and 
high population densities (Finlay et al., 1999). Although soil protozoa were observed 
in the 19th century, they were not considered as part of the soil microfauna. It was not 
until the early part of the 20th century that they were studied in more detail, with the 
belief that protozoa had a negative impact on the soil. This idea came from the fact 
that protozoa reduced the numbers of bacteria by grazing, and this was thought to 
potentially reduce the fertility of soil.  
 
Protozoa play an important role in the regulation of soil bacterial populations, but far 
from being deleterious, this stimulates bacterial activity in many cases improving soil 
fertility. Under natural conditions, protozoa are always present, feeding on bacterial 
populations and releasing nutrients (Clarholm, 2005). The grazing action of protozoa 
on indigenous soil bacteria is a well known phenomenon and is potentially also an 
important biotic mechanism for the removal of pathogenic bacteria. Biological 
wastewater treatment processes commonly contain abundant populations of protozoa, 
improving the treatment performance and removal of pathogens due to the ingestion 
and grazing on the bacterial population (Curds, 1969). In the same way, the 
application of organic substrates to agricultural soil in the form of manures or 
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sludges increases protozoan diversity and abundance (Darbyshire, 1994). The study 
and enumeration of protozoa is therefore essential in ecological studies, but because 
of the shortfalls in quantitative methods, protozoa have often been neglected by 
microbial ecologists.  
 
3.9.2 Soil Protozoan Classification 
The phylum Protozoa contains four groups of predominantly microscopic animals 
which include the Sarcomastigophora, Ciliophora, Sporozoa and Cnidospora. The 
free living soil protozoa belong to the first two groups; meanwhile the last two 
correspond to parasitic organisms (Darbyshire, 1975). The free living protozoan 
community in soil is classified in four different types of protozoa depending 
basically on their motility: ciliates, heterotrophic flagellates, naked amoebae and 
testate amoebae. Between these groups, only ciliates are considered to be a natural 
taxonomic unit (Adl and Gupta, 2006).  
 
Most naked amoebae, flagellates and ciliates feed on bacteria. Heterotrophic 
flagellates and naked amoebae are usually very numerous in agricultural soils, with 
numbers in the magnitude of 104-105 (active + encysted) cells g-1 ds Although these 
two types of protozoa constitute a very important part of the soil food web, ciliates 
and testate amoebae have gained more attention, probably due to the fact that they 
are larger and, therefore, easier to handle and examine. The relative abundance of the 
different groups of protozoa in a grass land site in Scotland increased in the order 
ciliates < testate amoebae < naked amoebae < heterotrophic flagellates, which is 
inversely proportional to the size of the organisms for each group (Brown, 2002). 
 
3.9.2.1  Ciliates 
Ciliate protozoa are unicellular heterokaryotic organisms with a macro and a 
micronucleus within the same cytoplasm. In terrestrial habitats, the diversity is at 
least of the order of 2000 species, of which 70% have not been described (Foissner, 
1997). Ciliates are generally far less numerous in soils than flagellates and amoebae 
with numbers in the region of 100 and 2000 individuals g-1ds (Ekelund and Ronn, 
1994). The cell size varies between 15 and 500 µm in suspension (Luftenegger et al., 
1988). They have a vertical distribution in soil, with higher numbers occurring on the 
uppermost litter layer (Foissner, 1999). 
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3.9.2.2  Heterotrophic Flagellates 
The polyphiletic group of protozoa has approximately 260 species recorded from 
soils, although this figure represents only a small portion of the species actually 
present (Foissner, 1999). They occur in nearly all soils, with a great diversity present 
in most soils; in most cases numbers in soil approximately 106 g-1ds. A typical 
flagellate is a swimming organism. Under laboratory conditions generation times are 
< 5 hours (Ekelund et al., 2001). Flagellates are considered together with the naked 
amoebae as the most important group of soil protozoa.  
 
3.9.2.3  Naked Amoebae 
This group has a small size (<30µm) and thus are found mainly attached to soil 
particles. There are approximately 60 species recorded in soil, although this number 
represents only a small portion of the total number of species actually present (Page, 
1976). This is not a monophyletic group, but is represented by several phyla with 
different ecological properties (Cavalier-Smith, 1997). This group is often considered 
as the most important of the protozoa in the soil due to their great abundance with 
numbers in the range 2 x 103 and 2 x 106 g-1 ds Amoebae use pseudopodia 
(membrane covered cytoplasmatic extension) to crawl although some groups 
(amoeboflagelates) posses flagella at some stages of the life cycle. 
 
3.9.2.4  Testate Amoebae 
Testate amoeboid organisms have a shell (test) produced by the cell itself or by 
foreign particles. The number of species found in terrestrial environments is 
approximately 300. Numbers in soil are very variable depending on the soil 
characteristics, but the typical range is 103-105 g-1 ds. They have relatively large size 
and therefore, the contribution to SMB often surpasses that of all other protozoa 
(Cowling, 1994). 
 
3.9.3  Life Cycle 
Few soil protozoa are polymorphic, and those experience little differentiation 
between the different life stages (Stout and Heal, 1967). Simple life cycles in soil 
protozoa involve the presence of an active, trophic stage called trophozoites, and a 
resting stage, known as a cyst. Figure 3.3 shows the typical life cycle of the common 
naked amoebae Naegleria gruberi. Cyst form in response to adverse conditions and 
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is one of the most common characteristics of soil protozoa. This consists of a resting 
stage in which they spend most of their lives. Cysts protect protozoa from adverse 
environmental conditions and also serve other purposes, e.g. for dispersing the 
organism, as they are easily transported by wind, water or in animals.  Organisms 
showing the ability of rapid encystment and excystment dominate soil protozoa 
populations (Cowling, 1994).  
 
 
 
 
 
 
 
 
Figure 3.3 The common naked amoebae Naegleria gruberi. a) Trophozoites; b) 
flagellate; c) cysts. Scale bar represents 10µm (Darbyshire, 1994) 
 
3.9.4 Ecological Role of  Protozoa  
A large fraction of the total numbers of protozoa present in soil are encysted, but the 
total population can be considered as potentially capable of grazing of bacteria 
(Ekelund and Ronn, 1994). Protozoa meet their nutrient requirements from the 
environment by osmotrophy or by phagocytosis, although osmotrophy in nature is 
not frequent (Frey et al., 2001). The main food source for protozoa is bacteria, and 
therefore, protozoa have a direct impact on the survival of bacteria and on the 
bacterial affecting their survival and community composition. The bacteria prey may 
be indigenous or introduced to the soil for example in organic substrates such as 
compost, manure or sewage sludge (Acea et al., 1988; Carrington et al., 1989b). 
 
Protozoa represent the first level of the heterotrophic eukaryotic food web. They 
consume a significant portion (usually >50%) of bacterial productivity and therefore 
have significant involvement in nutrient cycles and energy flows supporting 
microorganisms, plants and animals in the soil. Stout and Heal (1967) reported that 
in an arable field soil, protozoa consumed 150-900 g bacteria m-2 year-1. Protozoa are 
therefore an important and sensitive indicator of soil quality. The size and activity of 
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the soil protozoa population enables the detection of impacts of biotic and abiotic 
factors on the soil environment (Foissner, 1999). 
 
3.9.4.1 Effect of Protozoan Predation on Bacterial Populations  
A range of biotic and abiotic factors influence the survival of bacteria in soil, and 
protozoa plays an important role in the regulation of bacteria populations through 
predation. Cutler (1922) carried out studies on bacteria and protozoa populations at 
Rothamsted Experimental Station. The analysis of that data by Stone (1974) revealed 
previously undetected population oscillations consistent with the hypothesis that the 
populations of the Cercomonas sp. flagellate were correlated with populations of 
bacteria, following Lotka-Volterra fluctuations typical predator-prey interactions.  
 
Clarholm (1981) examined the interactions between bacteria and protozoa in the 
humus layer of an old stand of Scots pine (Pinus sylvestris L.) forest. Results showed 
that, following a rainfall event, there was a rapid increase on bacterial biomass, with 
values returning to pre-rain values 2 days after the peak. Amoebae were the most 
abundant protozoa, and after the rainfall event, numbers increased 20 times by day 4, 
decreasing rapidly after this.  Similar results were obtained in a pot experiment 
(sandy loam soil, pH 6.7) after addition of water. Protozoa populations, especially 
those of amoebae, increased as a consequence of the rapid growth of bacteria after 
watering, and subsequently, the bacteria population decreased. The results suggested 
that under field conditions the biological activity was synchronized by the rainfall 
event. The increased protozoa population followed the bacteria peak and were able to 
cause a 60% of the bacterial decrease.  
 
Ronn et al. (1996) observed successional dynamics in bacteria and protozoa 
populations on decomposing barley roots. The influence of organic matter addition to 
the soil was localized, and the peak in protozoan numbers happened in day 14 
following application, meanwhile microbial activity peaked in day 4 after 
application. This confirmed the predatory action of protozoa on bacteria after the 
addition of organic matter to the soil. 
 
Thirup et al. (2000) investigated the dynamics of indigenous soil bacteria and 
protozoa on decaying barley roots and the effect of fungicide application in a 
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laboratory experiment. High levels of bacteria were succeeded by increasing 
protozoan populations. The results emphasised the role of protozoa in reducing 
bacterial numbers as after fungicide treatment, which inhibited protozoa, the bacteria 
population increased. Thus, a predatory association exists between protozoa and 
bacteria in soil and this interaction is an important factor governing the size of their 
respective populations in soil.  
 
The effect of protozoa on the survival of bacteria introduced to soil has been studied 
mostly in laboratory conditions, with special emphasis on bacteria entering the soil 
(Ekelund and Ronn, 1994). 
Early studies have demonstrated the predatory effect of protozoa on introduced 
bacteria. For example, Habte and Alexander (1977) added 109 cell g-1 Rhizobium to 
soil and found that the population decreased to 107 cell g-1, whereas protozoa 
numbers increased up to 104 cells g-1. Soil treatment with actidione, a protozoa 
inhibitor, reduced the protozoa numbers and bacteria population remained consistent 
initially for 4 days. However, after 4 days, protozoa resistant to actidione emerged, 
and the bacteria numbers subsequently declined. The ability of the bacterial cells to 
maintain populations in soils with protozoa inhibitor provided evidence that protozoa 
are major regulators of populations of bacteria.  
 
Artz and Killham (2002) studied the survival of pathogenic E. coli O157:H7 in 4 
drinking water wells with different protozoa populations and chemical composition. 
They reported that E. coli O157:H7 numbers in water from the wells remained 
constant if the water was autoclaved prior to inoculation with the bacteria, and 
numbers were approximately 7 log10 cfu ml-1. After filtration through 3 µm 
membrane, the survival declined to 5 log10 cfu ml-1 in the first 10 days, and to 3 log10 
cfu ml-1 by day 25, reaching detection limits by day 60. In untreated water, numbers 
of E. coli O157:H7 decayed in the first 10 days to 2 log10 cfu ml-1. This suggested 
that predation by protozoa was the main biotic factor controlling the decay of enteric 
microorganisms in the well water.  
 
Recorbet et al. (1992) studied the survival of allochthonous E. coli K12 in a silt-loam 
soil microcosm. E. coli were inoculated into soil at rates of 106, 107, or 108 cfu g-1 and 
numbers decay rapidly during the first 5 days to approximately 103 cfu g-1. As the 
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bacterial population decreased, the numbers of amoebae in the soil increased. The 
amoebae population remained unchanged in soil without bacteria addition. After 
addition of 5x105 or 107 cfu g-1 in sterile soil, however, E. coli populations increased 
to a maximum of 108 cfu g-1, and this response was independent of the initial density. 
In sterile soil, recolonized by soil microflora but free of protozoa, the decay of E. coli 
was delayed. Thus, bacterivorous protozoa appear to be responsible for the rapid 
initial inactivation of E. coli introduced into soil. Similar results were reported by 
Jiang et al. (2002) in manure amended soils. Here, E. coli O157 was inactivated 
more rapidly in non-sterile soil than in autoclaved soil at 3 different temperatures. 
Numbers reached the limit of detection by day 40 after manure application. 
 
Opperman et al. (1989) described the kinetics of viable bacteria, coliforms, protozoa 
and nematodes after the addition of slurry to a sandy soil in laboratory conditions at 5 
and 23 oC. There was an immediate increase in viable bacteria and coliforms at both 
temperatures after slurry addition but no change was observed in unamended soil. A 
cyclic effect on bacteria numbers was related to protozoa in soil. Numbers of 
protozoa did not increase initially, but a rise in numbers occurred some days after the 
initial increase of viable bacteria and coliforms population. Thus, maximum numbers 
of protozoa occurred on day 13 and day 16 after slurry addition, at 23 and 5 oC, 
respectively. Viable bacteria numbers decreased by 0.5 log10 after the initial increase, 
and remained constant for the remaining duration of study. However, coliforms 
decline continuously and reached the detection limit by day 85.  
These studies provide strong evidence that protozoa play a key role in the regulation 
of bacteria populations in soil. Bacteria populations are normally reduced, but not 
totally eliminated through protozoa predation. Maintenance of an ecosystem requires 
that predators do not eradicate the prey on which they feed, or this would also lead to 
their elimination. This condition does not apply to facultative predators (Alexander, 
1981). Therefore, in cases where the bacterial prey is a limiting factor to protozoa, 
the bacterial density will decline to a minimum threshold to allow the bacteria to 
recover and sustain the predator population. However, if the protozoa feed on 
different bacteria species present in the environment, this threshold will not exist and 
the protozoa will be able to eliminate completely the specific bacteria population.  
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Mallory et al. (1983) reported that addition of 104 cells ml-1 of Salmonella 
typhimurium to a buffer solution containing the protozoa Tetrahymena thermophilus, 
did not show a significant decrease. However, after the addition to the previous 
solution of 108 cells ml-1 of Enterobacter agglomerans, numbers of S. typhimurium 
were reduced to 10 cell ml-1. The addition of density of E. agglomerans increased the 
bacteria density and the concentration of S. typhimurium was no longer a limiting 
factor to predatory protozoa. When S. typhimurium was added to raw sludge, it was 
totally eliminated as a consequence of predation by protozoa in the presence of 
alternative prey provided in the sludge matrix.    
 
3.9.4.2   Effect of Protozoa in Waste Water Treatment Plants 
The role of protozoa in biological waste water treatment has long been recognized as 
important to decrease in numbers of coliform bacteria and organic particulate matter 
(Curds, 1970; Curds and Cockburn, 1970a; Curds and Cockburn, 1970b). Activated 
sludge treatment processes are based on formation of aggregates by bacteria and 
other organisms which are separated from the effluent by sedimentation. The 
proportion of protozoa in the aggregates is very important, especially ciliates. 
Protozoa constitute approximately 5% dry weight of the suspended solids in the 
mixed liquor. One hundred and sixty species of ciliates, 33 flagellates and 25 
amoebae can be found in percolating filters and activated sludge (Curds, 1982). This 
is only a small fraction of the total number of species present in the water 
environment, thus some ecological selection mechanisms operates in this 
environment (Madoni, 1994). The succession of protozoa under these conditions 
occurs as follows: flagellates, amoebae, free-swimming ciliates, crawling ciliates, 
and attached ciliates depending on the changes in conditions within the plant as the 
sludge matures (Curds, 1982). Ciliate densities are approximately 107 cells l-1 and 
they play an essential role in the purification process by grazing bacteria and 
promoting flocculation (Curds, 1970).  Changes in the protozoan community affects 
the performance of the plant (Nicolau et al., 2001). The ciliates found in the different 
processes can be divided into groups depending on their habits. Free-swimming 
forms, crawling forms and attached or sedentary forms, predominate because 
crawlers and free-swimming types tend to be removed from the system through the 
effluent.  
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Curds et al. (1968) compared the performance of activated-sludge plants with or 
without protozoa, Plants without protozoa produced turbid effluent of low quality 
containing very large numbers of bacteria. However, few days after the addition of 
protozoa, the effluent quality improved considerably. Clearer effluents were related 
to a decrease in the concentration of bacteria, indicating the important role of 
predatory protozoa as predators in the quality of the waste water treatment process.  
 
Further studies have demonstrated the effect of protozoa at removing faecal and 
enteric bacteria from sludge. Curds and Fey (1969) reported a laboratory experiment 
simulating two activated-sludge plants with and without protozoa. When mixed 
population of ciliates was added to one of the units, E. coli population decreased 
95.5% both in the effluent and in the mixed liquor, compared to 54% in the unit 
without protozoa. The half life of E. coli was 16.1 hours and 1.8 hours in the absence 
or presence of protozoa, respectively. Thus ciliate protozoa are identified as one of 
the principal agents for the reduction of E. coli in the activated-sludge process.  
 
The involvement of protozoa in anaerobic treatment processes is also important, 
although this subject has received little attention in the literature. Priya et al. (2007) 
studied the role of protozoa in anaerobic continuous stirred tank reactors at different 
loading rates and retention times. The density of anaerobic protozoa in the reactor, 
especially the ciliates, had a direct influence on the chemical oxygen demand (COD) 
removal and the mixed liquor suspended solids. The biomass was significantly 
reduced by 16-34% in reactors containing protozoa. In batch experiments, the 
amount of methane produced increased linearly with the number of ciliates. In the 
absence of bacteria protozoa were able to consume organic matter particles. 
 
3.9.4.3   Effect of Protozoa on Nutrient Cycle 
Soil protozoa influence in the mineralisation and nutrient cycling in the soil 
environment. Many critical transformations within major biogeochemical cycles in 
the biosphere occur in soils and are facilitated by soil microorganisms. For example, 
protozoa play key roles in the nitrogen and carbon cycles by regulating OM 
decomposition rates and metabolic pathways (Couteaux and Darbyshire, 1998). Soil 
protozoa are the link between bacterial primary decomposers and higher trophic level 
organisms such as nematodes, mites and earthworms (Ekelund and Ronn, 1994). 
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Not all the food ingested by protozoa is utilized. Excreted undigested particles are 
available for other protozoa. Of the entire C ingested, 30% is excreted, 30% used for 
respiration, and 40% used for biomass production (Sleigh, 1989). Because of the 
ratio C:N:P between protozoa and the prey is similar, they require sufficient N and P 
to match the C used for production. 
 
The indirect contribution to nutrient cycling is even more important that the direct 
effects, as reported by deRuiter et al. (1993), where the contribution of protozoa to 
total N mineralization in winter wheat was 18%, but the inhibition from the food web 
resulted in a reduction of 28% of N mineralization. Protozoa grazing affect the 
nutrient cycle by modifying the bacterial population and composition and therefore 
affecting nutrient flow. There are several reasons to explain why protozoa enhance 
the mineralization of organic compounds.  
 
Protozoa grazing leads to the selection of bacteria that grow inefficiently, removing 
the senescent bacteria and increasing the biomass of younger strains with higher 
metabolic activity. Therefore, protozoa grazing will often stimulate nitrifying 
bacteria (Griffiths, 1989). Protozoa excrete growth-stimulating compounds that will 
enhance bacterial activity. Another explanation is that when bacteria are grazed, their 
populations stay at a low level, preventing them for being limited by density-
dependent factors like lack of nutrients or crowding.  
 
Clarholm (1985) in an experiment on sterile soil with and without wheat plants 
examined the interactions of bacteria and protozoa, reporting that in soil with plants 
and bacteria only, the mineralization of N was 1.7 mg N. In the soil with bacteria and 
protozoa, the N taken up by plants increase 75%, and that plants with the same root 
weight were more efficient in their uptake of N when protozoa were present, 
explained by the fact that grazing of bacteria was necessary for making the bacterial 
biomass N available to plant. 
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3.9.5 Factors Affecting Activity of Protozoa in Soil 
3.9.5.1  pH 
Little information is available about tolerance of protozoa to pH. Most protozoa grow 
at a wide range of soil pH values. The growth of the amoebae Leptomixa reticulata 
was consistent in all the range between 4.2 and 8.7. Stout and Heal (1967) suggested 
that the typical optimal pH value range for the most widespread soil protozoa was 
about 3.5-4.5 to 9.5. As protozoa are able to grow under a wide range of pH values, it 
is probable that the effect of pH on the predatory population of soil protozoa is more 
likely to be due to the potential effect of soil pH value on the prey on which protozoa 
graze. Low pH values decrease microbial population and activity and therefore have 
an indirect effect on predatory protozoa. 
 
In an experiment to study the effects of S fertilizer addition to soil at two rates (22 
and 44 kg ha-1 year-1), Gupta and Germida (1988) reported that the pH values 
decreased with increasing rate of S addition (pH=5.7, 5.2 and 4.7). Numbers of 
bacterivorous protozoa decreased by 30-71% in S treated compared to unamended 
control soil.  
 
3.9.5.2  Temperature 
As with any other microorganisms, increasing temperature will favour metabolism 
and activity and decrease population doubling time. The upper limit in temperature 
for soil protozoa is about 30 oC, with 35-40 oC causing the death. Adaptations to low 
temperatures among soil protozoa have been reported (Hughes and Smith, 1989), 
with the flagellate Heteromita globosa being the dominant species in Antarctic fell 
fields. The adaptation of protozoa to extreme temperatures has been associated with 
the ability of these protozoa to encyst and excyst quickly, making the most of the 
short periods available under optimum temperatures. Because of the wide variety of 
groups representing protozoa, Stout and Heal (1967) stated that no simple 
relationship between temperature and protozoan activity had been established.  
 
Studying the effects of slurry addition in two soils at 5 and 23 oC, there was no effect 
on the total microbial activity comparing the temperatures. However, the total 
numbers of protozoa were higher at 23 oC than at 5 oC. It was reported that individual 
groups of protozoa responded differently. Flagellates increased at 23 oC, reaching 
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control values after 26 days. At 5 oC the populations remain constant over the period 
of study. Amoebae increased rapidly at 23 oC, with numbers higher than those at 5 
oC, which remained similar to control numbers. Ciliates fluctuated during the period 
of study at both temperatures, with values at 5 oC similar to those of the control. 
 
3.9.5.3  Moisture Content 
Moisture content is probably the most important activity-limiting factor for protozoa. 
Soil protozoa are actually aquatic forms which have adapted to live in terrestrial 
habitats. They live in the thin films of water form in the soil pores. At ordinary 
temperatures, a water content of 30-50% will guarantee the existence and activity of 
soil protozoa, with water content levels of 20% presenting only bacterial life as 
protozoa need more water content to exists (Fenchel, 1994). As seen before, protozoa 
can form cysts under unfavourable conditions, such as desiccation, being able to 
excyst when the moisture content is the appropriate. Clarholm (2005) reported that 
48 h after rainfall, naked amoebae increased 100-fold with a peak at 2x10-6 g-1 ds 
after 5 days. 
 
3.9.5.4  Soil Texture and Structure 
The effect of the soil moisture content on the activity of protozoa is conditioned by 
the soil texture which will dictate the availability of the habitable soil pore network 
and the formation of the thin film of water by capillarity on them. The ultimate lower 
limit for small amoebae happens when the pore diameter of water film is about 3 µm, 
meanwhile the ciliate Colpoda steini requires a water film pore of at least 30 µm. At 
the wilting point, water filled pores measured only about 0.3 µm, which excludes 
microbial activity. Most of the time, the aggregate structure of the soil limits the 
movement for protozoa and the only possibility to move around is the sufficiently 
high soil moisture (Fenchel, 1994). This fact will also condition the protected pore 
space for protozoa, which is the habitable part of the soil network inaccessible to 
potential predators. The water-filled pores and their size will be different in soils 
with different soil texture or structure for a given water content (Elliot et al., 1980). 
Rutherford and Juma (1992) studied the protection of bacteria depending on the soil 
texture. 3 sterile soils (silty clay, clay loam and sandy loam) were inoculated with 
bacteria alone and bacteria and protozoa. Bacteria numbers in the soils with protozoa 
were reduced 68, 50 and 75% in the silty clay, clay loam and sandy loam 
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respectively compared with the protozoa-free soil, supporting the idea that bacteria 
are more protected from protozoan predation in fine-texture soils than in coarse-
texture soils. 
 
3.9.5.5 Biocides 
Biocides, including pesticides and herbicides, play a major role in modern 
agriculture. The data available on the effect on protozoa reported that the general 
pattern of reaction of soil protozoa to biocide stress is the same as other organisms; 
that the insecticides are usually more toxic than herbicides and that the insecticides 
disturb protozoa critically, with populations often not fully recovered within 60 days 
(Foissner, 1994).  
 
Petz and Foissner (1989) investigated the effects of a fungicide, and an insecticide. 
The fungicide, even at the higher dose, had no pronounced acute or long-term effects 
on absolute numbers of the different protozoa groups investigated. The number of 
ciliate species decreased one day after treatment with the standard dose, but soon 
recovered. Mycophagous ciliates were substantially reduced in the first weeks after 
application of the fungicide. Testaceans were not reduced before day 15 with the 
higher dose. The standard dose of insecticide caused acute toxicity in ciliates and 
rotifers, although the latter soon recovered. The number and community structure of 
ciliate species were still distinctly altered after 90 days.  
 
3.9.6 Method for the Enumeration of Soil Protozoa 
Enumeration of protozoa numbers present in soil is important to discern the effects of 
the populations on soil ecological processes and the environment (Ekelund and 
Ronn, 1994). One of the main problems in the study of protozoa and their ecological 
influences in the soil environment is the difficulty of obtaining precise enumeration 
data. Naked amoebae and heterotrophic flagellates present particular problems for 
enumeration, for example, because of the large numbers present in soil and their 
small size. Protozoa lack a proper cell wall and are liable to burst through changes in 
pH or salt concentration and also under mechanical abuse so they can be difficult to 
extract from the soil environment (Clarholm, 1981). Another difficulty is to 
differentiate between active and encysted form. Two different approaches are usually 
applied for enumeration of phagotrophic soil protozoa. These include direct counting 
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procedures combined with staining, and dilution culture methods using a most 
probable number (MPN) technique (Couteaux, 1967, 1975; Heal, 1971; Darbyshire 
et al., 1974; Luftenegger et al., 1988; Ekelund et al., 1999). 
 
3.9.6.1 Dilution Culture Methods. 
Culture methods are the most versatile and extensively used methods for estimating 
populations of soil protozoa. The most common soil protozoa are bacteria-feeders 
and growth is promoted by the utilization of a culture medium depending on the 
purpose of the study (Stout and Heal, 1967). Naked amoebae and heterotrophic 
flagellates in soils can only be enumerated by the Most Probable Number (MPN) 
technique because the organisms are masked by soil particles due to their small size 
and abundance in number (Singh, 1955). The MPN method detects total numbers in 
the population (encysted and active) (Stevik et al., 1998). 
 
The MPN method involves a serial dilution of soil samples in a suitable growing 
medium. Following inoculation, samples are inspected for the first 1-2 months. The 
technique was first described by Cutler (1920), but was later modified by Singh 
(1946) and Darbyshire et al. (1974). The modification described by Darbyshire is 
commonly employed in modern protozoology, using microtitre plates for the dilution 
of samples. The basic principle of this technique is to incubate a series of gradually 
more diluted soil suspensions in the appropriate media and inspect the dilutions for 
the presence or absence of protozoa under microscopic examination for a determined 
period of time. Protozoa numbers obtained by this technique provide an estimate of 
the total protozoan numbers (active + encysted). 
The proportion of active protozoa can be found by combining the MPN technique 
with the “HCl” method of Cutler (1920). Acid addition kills the active fraction 
present in the dilution, and only the encysted fraction remains. After pH adjustment 
and incubation, the encysted is activated and the difference between the total number 
minus the acid-treated number provides an estimate of the active fraction in the soil 
(Cutler, 1920).    
Conventional MPN counting technique suffer from shortcomings (Ekelund et al., 
1999). The main problem is that the microscopic inspection of the plate wells is 
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subjective, time consuming, requires experience and thus limits the number of 
samples that can be processed.  
However, Ekelund et al. (1999) developed an automated modification of the MPN 
technique for the enumeration of phagotrophic protozoa. This method is based on the 
detection of prey depletion in microtitre plates, rather than on directly measuring the 
presence of protozoa, allowing a faster examination of the samples. The principle of 
the technique is the same, however the laborious step of observing for presence-
absence of protozoa through a microscope is avoided. The dilution culture is made in 
the same way, but instead of using a growth medium, a labelled bacterium (e.g. 
Pseudomonas fluorescens labelled with a lux AB cassette) is used as a food source 
for protozoa. The bacteria are fluorescent and 45 days after inoculation, measurement 
of light emission allows detection of individual wells in the plates. Protozoan grazing 
is indicated by the absence or fluorescence from a well, indicating that the inoculated 
bacteria have been removed. In this way, processing time can be reduced and the 
results are more objective. 
Dilution culture methods provide good estimation of the number of active and 
encysted protozoa. However, when used for the enumeration of ciliates, dilution 
culture methods tend to overestimate the number of active ciliates (Foissner, 1999). 
Despite this fact, when used to enumerate general populations of protozoa, the 
estimation is acceptable (Clarholm, 2005).  
The fact that many soil protozoa cannot be extracted from the soil for direct 
enumeration and identification, the attachment to soil particles masking the 
organisms and the high numbers of soil protozoa from different groups means that 
exact enumeration is very difficult to achieve in practice. However, enumeration of 
soil protozoa by dilution culture techniques provides realistic estimates of their 
presence and population size in soil (Clarholm, 2005). 
3.9.6.2 Direct Counting Method 
The efficiency of direct methods is high for the enumeration of ciliates and testate 
amoebae, but not for naked amoebae and heterotrophic flagellates. Direct counts 
from a fresh soil suspension may be obtained after staining with aniline blue to 
enable the differentiation between active and dead organisms, which provides a 
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direct approach to estimating the active fraction of protozoa (Luftenegger et al., 
1988). Another direct method for the enumeration of soil testacea and ciliates is the 
millipore membrane filtration technique proposed by Couteaux (1967, 1975). Both 
these methods are more efficient than the agar film technique of Heal (1971).   
 
Direct counting methods yield reliable enumeration of active ciliates and testate 
amoebae, but it is very time consuming and highly skilful. Also, protozoa can rapidly 
encyst may become encysted or inactive under the coverslip during microscopic 
examination, which underestimates numbers (Ekelund and Ronn, 1994).  
 
Both methods have advantages and weaknesses and the chosen method should be 
selected depending on the objective of the study. Whenever possible, a combination 
of the two approaches is the ideal option, as they provide complementing information 
on enumeration of soil protozoa (Ekelund and Ronn, 1994; Stevik et al., 1998). 
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CHAPTER 4 
General Materials and Methods 
 
4.1 Introduction 
This chapter describes the General Materials and Methods for the experimental 
programme; specific methods will be described in detail in the relevant chapters. 
Four field trials experiments were carried out to investigate soil microbial 
interactions affecting enteric pathogens survival in biosolids-amended agricultural 
soil at the Imperial College Farm, Wye, Kent. Further details of site location and soil 
properties are given in Section 4.2. Field trials were carried out in both the autumn-
winter and spring-summer periods. The duration, sampling regime and dates of the 
field experiments are detailed in Section 4.4. Soil microbial biomass C (SMBC) 
concentration and soil protozoa populations were measured in two soil types 
amended with biosolids and other livestock wastes to determine the significant 
ecological processes involve in the decay of enteric pathogens after biosolids 
addition to agricultural soil. Results for the SMBC concentration are given in 
Chapter 5 and the soil protozoa populations results are presented in Chapter 6 and 7. 
In addition to the field investigations, a laboratory incubation experiment was carried 
out in soil under controlled temperature and moisture conditions and the results are 
described in Chapter 8. 
 
4.2 Site Location and Soil Characteristics 
The experimental areas were located on arable fields managed according to 
conventional intensive agronomic practice at Imperial College Farm, Wye, Kent. 
Experimental field trials were established on two sites with contrasting soil 
physicochemical characteristics, North Sidelands (Ordnance Survey Reference 
606600, 146500) and Brices Field (Ordnance Survey Reference 605800, 146500) 
(Figure 4.1). Details of the design and establishment of the experimental field trials 
are given in Section 4.4.   
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Figure 4.1 Location of the field trial site on Imperial College Farm, Wye.  
1) North Sidelands; 2) Brices Field 
 
4.2.1 Soil Characteristics 
The analysis of the characteristics of the experimental soils and organic amendments 
was done by a NAMAS accredited external laboratory (Natural Resources 
Management Ltd. Laboratories, Bracknell, Berkshire). Soil characteristics and 
nutrient concentrations in the two soils for each field trial are listed on Tables 4.2 and 
4.3. The soils from both sites differed in texture and cation exchange capacity (CEC). 
North Sidelands soil was a moderately alkaline, silty clay/clay, with a pH range of 
7.9-8.2. Brices Field was a moderate acidic sandy silt loam/clay loam of pH 5.7-6.8. 
The organic matter content in North Sidelands (2.4-4.5% dry soil (ds)) was 
approximately twice that of soil sampled from Brices Field (1.4-2.2 % ds). North 
Sidelands had the largest CEC (13.9-22.3 meq 100 g-1), reflecting the higher organic 
matter and clay contents of the soil, compared to Brices (11.7-15.7 meq 100 g-1). 
North Sidelands had the greatest available N content, as expected from its higher 
organic matter content. The concentration of SO42- and extractable K was similar for 
the two soil types. However, soil from Brices Field had a greater content of P and 
Mg (54.5-81.0 and 82-95.7 mg kg-1ds, respectively) compared to North Sidelands 
(19.7-26.5 and 25.5-30.8 mg kg-1ds, respectively). 
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Table 4.1 General physico-chemical characteristics of the soil (ds basis) at Brices Field and North Sidelands for each field 
experiment (0-10 cm depth) 
 
Field 
Trial 
Soil pH Dry matter (%) Organic 
matter (%) 
Sand (%) Silt (%) Clay (%) Texture CEC (meq/ 
100g) 
Brices 6.8 82.6 2.2 39 44 17 Sandy silt loam 15.7 FT1 
North Sidelands 8.2 76.5 4.5 16 46 38 Silty clay 18.4 
Brices 6.0 83.7 1.8 30 53 17 Sandy silt loam 11.7 FT2 
North Sidelands 8.1 81.4 3.6 10 46 44 Silty clay 13.9 
Brices 5.7 82.4 1.4 21 54 25 Clay loam 12.1 FT3 
North Sidelands 7.9 77.2 3.2 16 38 46 Clay 22.3 
Brices 6.6 81.1 1.4 23 53 24 Clay loam 13.0 
FT4 
North Sidelands 8.1 79.0 2.4 18 42 40 Clay 20.3 
 
Table 4.2 Nutrient concentrations in soil (ds basis) at Brices Field and North Sidelands for each field experiment  
 
Field Trial Soil NO3-N (mg kg-1) 
NH4+-N 
(mg kg-1) 
Ext P 
 (mg kg-1) 
Ext K 
(mg kg-1) 
Ext Mg  
(mg kg-1) 
SO42- 
(mg kg-1) 
Brices 21.86 0.66 68.0 173.0 82.0 14.7 
FT1 North Sidelands 27.80 0.60 19.7 99.0 24.0 22.9 
Brices 3.68 0.09 61.7 120.0 90.3 48.3 
FT2 North Sidelands 0.74 0.12 29.7 124.3 25.5 42.2 
Brices 7.66 6.94 54.5 121.4 90.1 17.8 
FT3 North Sidelands 16.01 1.72 26.5 131.5 30.8 25.5 
Brices 4.99 1.79 81.0 195.9 95.7 18.4 
FT4 North Sidelands 12.66 10.05 24.8 84.5 27.9 17.4 
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4.2.2 Soil Classification 
The maps shown in Figure 4.2 illustrate the soil classification and land use capability 
corresponding to Brices and North Sidelands from the Soil Survey of England and 
Wales (Ordnance Survey, 1973). Table 4.3 describes in detail the soil classification 
according to the information provided from the map. Brices Field was a level site 
whereas North Sidelands was situated in a gently slope (0-3o), decreasing from east to 
west, as indicated by the contour data in Figure 4.2.  
 
   a)                                                                  b) 
    
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Soil classification (a) and Land use capability (b) of the experimental 
field sites on Imperial College Farm, Wye. North Sidelands (     ); Brices Field (    ) 
 
Both soil types were classified as well drained, with soil rarely saturated with water in 
any horizon to a depth of 90 cm. The map unit for North Sidelands was Rolling 
Andover-Rolling Upton (Ac3/Up3). The soil groups corresponding to the Upton and 
Andover soil series, typical of North Sidelands, were Rendzinas and Brown calcareous 
soils, respectively. Rolling Andover-Upton series have a chalk escarpment and dry 
valley sides with average slopes up to 11o. The general texture was silt loam or silty 
clay loam (Ordnance Survey, 1973), in agreement with soil texture given in Table 4.1 
for the sampled soil. The soil was calcareous with abundant chalk fragments.  The 
rolling phase is commonly used as arable land, with localized parcels of woodland and 
permanent pasture. The map unit corresponding to Brices Field was Hamble (hL), and 
the equivalent soil group was Brown earth (sol lessive) in brickearth, brown colour, 
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having a silty loam or silty clay loam texture (Ordnance Survey, 1973), coinciding with 
the texture obtained in the analysis of the soil for the study (Table 4.1). The land use is 
arable, locally woodland, orchard or grassland. More detailed explanation of the soil 
profiles and classification is given in Appendix 2.  
 
Table 4.3 Soil classification at Brices Field and North Sidelands  
 
Soil Classification: North Sidelands Brices Field 
Relief: 
Downland.  
Escarpment, valleys and 
coombes. Scarp and valley 
slopes 
Stour valley. Low plateau, 
terraces and gentle slope. 
Gentle to moderate valley 
slopes and heads 
Map unit: Rolling Andover-Rolling Upton Hamble 
Map Symbol: Ac3/Up3  hL 
Drainage Class: Well drained  Well drained 
Soil Series: Upton Andover Hamble 
Soil Group: Rendzinas 
Brown 
calcareous 
soil 
Brown earth (sol lessive) 
Texture and 
Geology: 
Silty; over 
chalk 
Silty or 
loamy; over 
chalk 
Silty; brickearth 
 
4.3 Biosolids, Livestock Wastes and Cattle Slurry Characteristics 
4.3.1 Source, Collection and Processing 
The soil amendments included representative types of conventional and enhanced 
treated biosolids currently applied to farmland in the UK and also representative 
livestock slurries (cattle and pig) and solid cattle manure. The different amendments 
used in each experimental field trial, together with their abbreviations and the sewage 
treatment works providing them are shown in detail in Table 4.4 with the dates of 
collection.  
 
The dry solids (DS) contents were determined by drying overnight at 105 oC in a 
forced-air oven until constant weight was achieved. Solid biowastes and biosolids 
samples for field application were weighed into the required portions in black plastic 
bags and stored in a cool dark storage shed prior to application. The amount of sample 
required and the application method is described in Section 4.4. 
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Table 4.4 Source of biosolids, animal faecal manure and slurries for each field experiment, with the collection dates 
Amendments Abbreviation Field Trial Source Collection 
Farmyard manure FYM 1 Imperial College Farm, Wye, Kent 17-18/04/2005 
Cow slurry Cow 1 Imperial College Farm, Wye, Kent 17-18/04/2005 
Pig slurry Pig 1 Imperial College Farm, Wye, Kent 17-18/04/2005 
1 Little Marlow, Thames Water 11/04/2005 
2 10-12/10/2005 
3 10/04/2006 
Dewatered Mesophilic 
anaerobically digested sludge DMAD 
4 
Ashford, Southern Water 
19-20/10/06 
1 11/04/2005 
2 10-12/10/2005 
3 10/04/2006 Dewatered raw sludge DRAW 
4 
Little Marlow, Thames Water 
19-20/10/06 
Liquid mesophilic anaerobically 
digested sludge LMAD 1 Little Marlow, Thames Water 
11/04/2005 
1 11/04/2005 Limed Cake LC 2 Anglian Water 10-12/10/2005 
1 11/04/2005 Thermally dried mesophilic 
anaerobically digested sludge TDMAD 2 Fords Farm, Southern Water 10-12/10/2005 
Compost sludge  2 Little Marlow, Thames Water 10-12/10/2005 
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4.3.2 Physicochemical Characteristics  
For each experimental field trial fresh subsamples (approximately 1 kg of 
solid samples and 1 l for liquids) were analysed by the NAMAS accredited 
laboratory (NRM Laboratories, Bracknell, Berkshire) to determine their 
physicochemical properties. The results for the general physico-chemical 
properties and nutrient concentrations for the different amendments applied 
to the soil are shown in Table 4.5 and 4.6, respectively. The DS contents of 
DMAD and DRAW was in the range 20-30% and were typical of 
mechanically dewatered sludge types. Lime cake contained more DS than 
the dewatered sludge types, equivalent to 34-38% due to the addition of 
calcium oxide. The pH of the cakes was approximately neutral values, 
however, as would be expected LC had an alkaline pH value in the range 
9.6-11.6. The greatest DS content were for Compost (50%) and TDMAD 
(90-94%) as expected for these sludge types. The untreated materials 
(DRAW and FYM) had the greatest organic matter (OM) content of 75% 
and 67.8% respectively, compared to the digested biosolids (LMAD and 
DMAD) which contained 50-60% OM. Between the solid amendments, 
Compost had the most total P (4.2 mg kg-1) and FYM had the smallest total 
P concentration (1.24 mg kg-1). However, FYM contained more total K 
(3.42 mg kg-1) compared to the low concentrations present on the biosolids 
(0.06-0.503 mg kg-1). This was expected for biosolids, due to elutriation 
during the wastewater treatment process (Hall, 1983). The largest total N 
contents were measured for DMAD (6.03% DS) and DRAW (6.16% DS). 
The small total N content in LC (2.33-2.59 mg kg-1) was explained by the 
release of NH3 due to the high pH value of LC and the dilution effect of 
lime addition to the raw cake (CEC, 2001). The DS contents of the liquid 
wastes were low, and therefore, the OM concentration in these wastes was 
around 0.35% for pig slurry and 1.37% for Cow.  
 
4.4 Experimental Field Trials  
4.4.1 Design and Establishment  
Field trials were carried out in both the autumn-winter and spring-summer 
periods. In situ cereal crops established before the experiments were 
removed by a routine contact herbicide application (paraquat). The 
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herbicide treatment was totally effective and very little crop debris was 
visible on the plots. All other agrochemical inputs were excluded from the 
experimental areas. Field experiments were arranged in three randomised 
blocks with treatment plot size of 4 m2 (2 x 2 m). An example of the layout 
of the experimental plots is shown in Figure 4.3. The duration, sampling 
regime and dates of the field experiments are detailed in Table 4.7. 
Table 4.5 General physical and chemical characteristics of the different 
amendments used in the field experiments 
 
Type Filed 
Trial 
Dry solids 
 (%) 
pH Organic 
matter (% 
DS) 
1 23.5 6.97 62.7 
2 29.8 7.9 61.1 
3 30.7 6.96 59.2 
DMAD 
4 30.3 7.03 58.9 
1 21.3 6.33 73.0 
2 24.5 6.7 76.2 
3 17 6.16 75.7 
DRAW 
4 22.2 5.77 74.4 
1 94.9 7.07 48.1 TDMAD 
2 93.1 7.7 66.2 
LC 1 38.3 11.6 56.2 
LC-Brices Field1 2 36.5 10.8 52.2 
LC-North 
Sidelands1 
2 34.3 9.6 60.6 
Compost 2 56.5 8 59.6 
FYM 1 24.1 7.73 67.8 
Cow 1 3.08 7.13 1.37* 
Pig 1 0.72 7.26 0.35* 
LMAD 1 1.77 7.72 1.08* 
1Samples of LC applied the to field sites in FT2 were collected on different 
dates 
*Fresh weight basis 
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Table 4.6 Nutrient concentrations for the different amendments (dry 
solids (DS) basis) for each field experiment 
 
Type Filed Trial 
Total P 
(mg kg-1) 
Total K 
(mg kg-1) 
Total 
Mg  
(mg kg-1) 
Total S 
(mg kg-1) 
Total N  
(%DS) 
1 2.5 0.128 0.338 1.12 6.03 
2 2.27 - - - 2.06 
3 2.91 0.09 0.169 0.855 4.62 DMAD 
4 2.88 0.15 0.27 1.23 4.62 
1 2.57 0.344 0.223 0.529 6.05 
2 2.74 - - - 4.06 
3 2.79 0.503 0.283 0.411 6.16 DRAW 
4 2.48 0.44 0.323 0.52 5.63 
1 1.52 0.174 0.539 0.658 3.43 TDMAD 2 2.98 - - - 3.76 
LC 1 1.42 0.06 0.164 0.583 2.44 
LIME-BRICES 2 1.87 - - - 2.33 
LIME-NORTH 2 2.22 - - - 2.59 
COMPOST 2 4.2 - - - 3.61 
FYM 1 1.24 3.42 0.835 0.674 2.84 
COW* 1 108 2489 152 97.1 0.20* 
PIG * 1 22.3 1093 17.9 21.6 0.18* 
LMAD* 1 246 92.9 66.9 119 0.20* 
*(%FW) 
 
A 5
2 m
3 1 2 4 6
2 m
B 1 5 6 4 2 m 2 3
2m
C 3 6 4 1 5 2
 
Figure 4.3 Example of the experimental plots lay-out. The numbers in 
the plots correspond to the different treatments randomly assigned 
 
Biosolids cakes and FYM were applied at a rate equivalent to 10 t DS ha-1 
and the liquids at 100 m3 ha-1. Solid sludges and FYM were applied 
uniformly to the plots by hand and the liquids were spread by bucket. An 
unamended plot was included as a control. All materials were applied to the 
soil surface and incorporated immediately using a pedestrian operated rotary 
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cultivator, set to a cultivation depth of 10 cm. The matrix of experimental 
treatments is explained in more detailed for each FT in Sections 4.4.2 to 
4.4.5. Figure 4.4 shows an example of the field experiments establishment 
in both soil types. 
    a)                                                                  b) 
  
 
 
 
 
 
 
Figure 4.4 Experimental establishment of the field trials, showing the 
application and incorporation of the different soil amendments at (a) 
North Sidelands and (b) Brices Field  
 
Table 4.7 Sampling dates and day number from start for each field 
experiment 
 
FT1 FT2 FT3 FT4 
Date Day Date Day  Date Day  Date Day  
20/04/2005 0 18/10/2005 0 19/04/2006 0 26/10/2006 0 
26/04/2005 6 26/10/2005 8 24/04/2006 5 03/11/2006 8 
03/05/2005 13 01/11/2005 14 02/05/2006 13 10/11/2006 15 
10/05/2005 20 08/11/2005 21 08/05/2006 19 17/11/2006 22 
24/05/2005 34 21/11/2005 34 15/05/2006 26 27/11/2006 32 
31/05/2005 41 28/11/2005 41 22/05/2006 33 08/12/2006 43 
07/06/2005 48 12/12/2005 55 30/05/2006 41 15/12/2006 50 
21/06/2005 62 19/12/2005 62 05/06/2006 47 12/01/2007 78 
05/07/2005 76 05/01/2006 79 19/06/2006 61 26/01/2007 92 
19/07/2005 90 16/01/2006 90 26/06/2006 68 09/02/2007 106 
22/09/2005 155 30/01/2006 104 03/07/2006 75 22/02/2007 119 
  14/02/2006 119 17/07/2006 89 08/03/2007 133 
  27/02/2006 132 07/08/2006 110 23/03/2007 148 
  13/03/2006 146 21/08/2006 124 12/04/2007 168 
  03/04/2006 167 31/08/2006 134 08/05/2007 194 
  24/04/2006 188   05/06/2007 222 
  15/05/2006 209   07/09/2007 316 
  05/06/2006 230     
  03/07/2006 258     
  07/08/2006 293     
  31/08/2006 317     
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4.4.2 FT1 
The field experiment was established on 19 April 2005 and consisted of 16 
experimental treatments listed in Table 4.8. Unamended control and 
DMAD-amended plots were also sown with perennial ryegrass (Lolium 
perenne) variety Lasso, at a rate equivalent to 37 g m-2. The protozoa 
inhibitor, thiram, was applied to further unamended control and DMAD-
amended plots at a rate equivalent to 10g m-2 (Ekundayo, 2003). Liquid 
sludge injection was simulated by digging a pit with a spade to a uniform 
depth of 10 cm; LMAD was uniformly applied to the base of the pit and the 
soil was replaced. Treatments 3 and 4 corresponded to inorganic N 
treatments established as controls for an independent project investigating N 
turnover in agricultural soils, but were not analysed for this project.  
 
Table 4.8 Experimental treatment for FT1 
 
No Treatment No Treatment 
1 Control (no amendments) 9 LMAD (simulated injection) 
2 Control + grass (no amendments) 10 TDMAD  
3 NaNO3 (NO3-N movement control) 11 Pig slurry (PIG) 
4 NH4Cl (NH4-N nitrif. control) 12 Cow slurry (COW) 
5 DMAD 13 Farmyard manure (FYM) 
6 DMAD + grass 14 Lime-treated cake (LC) 
7 DRAW 15 Protozoa inhibition 
8 LMAD 16 DMAD + protozoa inhibition 
DMAD; dewatered mesophilic anaerobically digested biosolids 
LMAD; liquid mesophilic anaerobically digested biosolids 
TDMAD; thermally dried mesophilic anaerobically digested biosolids 
DRAW; dewatered raw sludge 
 
The biosolids were collected from the sewage treatment works as described 
in Table 4.4 on 11 April (limed-cake was delivered by Anglian Water). The 
dewatered sludges were weighed on 12 April into required portions for 
direct application to the plots in the field, and were stored in sealed plastic 
bags in a cool, dark storage shed. Samples of all the sludge types were taken 
for microbiological examination. The livestock wastes were available at the 
College Farm and were collected and weighed on 18 April. The plots were 
marked out on 18 April 2005 and the soil treatments were applied and 
incorporated on 19 April 2005. The first samples were taken on 20 April 
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and continued at approximately weekly intervals and the last sampling date 
was on the 22 of September (Table 4.7). 
 
4.4.3 FT2 
The field experiment was established on 18 October 2005.The total number 
of treatment plots in this field experiment was 10 per block, arranged in 
three randomised blocks. In the case of Treatment 5, the plot size was 
reduced to 2 m2 (2x1 m) due to lack of material. The soil treatments are 
listed in Table 4.9. The biosolids were collected from the sewage treatment 
works as indicated in Table 4.2 on 10, 11 and 12 October 2005 (limed-cake 
was delivered by Anglian Water) and prepared for application as described 
for FT1. DMAD was prepared for inoculation with a non-verotoxigenic 
strain of E. coli O157 NCTC12900 by mixing 90 kg of DMAD with 95 
litres of water.  2 x 1013 bacteria were added to the liquid sludge. The plots 
were marked out on 17 October 2005 and the soil treatments were applied 
and incorporated on 18 October 2005. The first samples were taken on 18 
October and continued at approximately weekly intervals, and the last 
sample was taken on 31 August 2006 (Table 4.7). 
 
Table 4.9 Experimental treatment matrix for second field trial 
No. Treatment 
1 Control (no soil amendment) 
2 DMAD 
3 DRAW 
4 Compost 
5 Lime cake 
6 TDMAD 
7 Protozoa inhibition 
8 DMAD + Protozoa inhibition 
9 DMAD + E. coli O157 inoculant 
 
4.4.4 FT3 
In Field Trial 3 there was a total number of 6 treatment plots per block 
arranged in 3 randomized blocks. The soil amendments included an 
unamended control plot, DRAW, DMAD and 3 inoculation treatments as 
detailed in Table 4.10. DMAD and DRAW sludge were inoculated with a 
non-verotoxigenic strain of E. coli O157 (1013 bacteria), Listeria 
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monocytogenes (4.17 x 1010 bacteria), Salmonella enterica serovar 
Typhimurium (8.33 x 109 bacteria), Clostridium perfringens (8.33 x 1010 
bacteria) and Campylobacter jejuni (8.33 x 107 bacteria). The strains and the 
sources of organisms used for the inoculation are listed in Table 4.11. The 
third inoculation treatment was seeded with bacteriophage, MS-2 into 
DMAD at a concentration equivalent to 6.67 x 1012 plaque forming units 
(pfu). Sludges were collected from the sewage treatment works detailed in 
Table 4.4 on 10 April 2006 and the DS content was determined. DMAD and 
DRAW were prepared for inoculation of the enteric bacteria by mixing 100 
kg (wet weight) of DMAD with 100 l of water and 140 kg (wet weight) 
DRAW with 140 l of water, respectively.  The plots were marked out on 18 
April 2006 and the soil treatments were applied and incorporated on 19 
April 2006. The first samples were taken on 19 April and then at regular 
intervals until the 31 August 2006 (Table 4.7). 
 
Table 4.10 Experimental treatment matrix for FT3 
No. Treatment 
1 Control (no soil amendment) 
2 DMAD 
3 DRAW 
4 DMAD + inoculation 
5 DRAW + inoculation 
6 DMAD +Phage 
 
Table 4.11 Organisms and strains used for inoculation in DRAW and 
DMAD 
Organism Strain  
E.coli O157 NCTC12900, provided by Veterinary Laboratory Agency (VLA)  
L.monocytogenes Environmental isolate provided by University of Leeds 
S. enterica NCTC 12416 
C. perfringens Environmental isolate provided by Centre for Research into Environment and Health (CREH) Analytical, Leeds 
C. jejuni Isolate NCTC11168, provided by London School of Hygiene and Tropical Medicine 
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4.4.5 FT4 
The soil amendment treatments in this field experiment were equivalent to 
FT3. The biosolids were collected from the treatment works on 19 and 20 
October 2006. The plots were marked out on 25 October 2006 and the soil 
treatments were applied and incorporated on 26 October 2006.  The first 
samples (T=0) were taken on 26 October and the last sampling date was on 
7 September 2007 (Table 4.7). 
 
4.5 Soil Sampling and Analysis 
4.5.1 Sample Collection, Transport and Storage 
Soil samples were collected using a conventional gouge auger to a depth of 
10 cm. On the injection plots (FT1, Section 4.4.2), the sample depth was 
increased to 15 cm to ensure capture of the sludge injection zone. It was 
impractical to discard the upper 5 cm portion of the sample so entire core 
was taken for microbiological analysis. Five cores were sampled from each 
replicate plot and were pooled to provide a composite sample. The auger 
was sterilised between each plot with industrial spirits applied using a hand-
held atomiser spray. Soil samples were placed in folded polythene samples 
bags and were transported to the laboratory in cooler boxes containing 
frozen ice-packs. At the laboratory, the soils were stored in a cold-room set 
at 4°C in the dark and microbiological testing began the day after collection. 
Collected soils were thoroughly mixed in the sample bag and were divided 
into portions for enumeration of protozoa. A portion was sieved to pass 4 
mm for the determination of soil microbial biomass C (Section 4.6) and the 
gravimetric moisture content analysis (MAFF, 1986). 
4.6 Soil Microbial Biomass C Analysis 
There are several methods available to measure the soil microbial biomass C 
concentration, however, the chloroform (CHCl3) fumigation-extraction 
(CFE) method (Saggar et al., 1981; Brookes et al., 1982; Brookes et al., 
1985; Vance et al., 1987a; Vance et al., 1987c) has several advantages 
because it is a rapid technique and applies to acid soils (Vance et al., 
1987b), and soils recently amended with substrates (Harden et al., 1993). It 
also has the advantage of low interference from non-microbial labile carbon 
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(C) (Horwath and Paul, 1982). The concentration of soil microbial biomass 
calculated by this method involves the assumption that the quantity of C 
released from the soil by CHCl3 fumigation is an indicator of the total 
biomass. 
The basic principle of the fumigation-extraction method is that soil micro-
organisms die after their cells are destroyed by CHCl3, and as a consequence 
of this, the cytoplasm is degraded by enzymatic autolysis and transformed 
into extractable components. The biomass C is then calculated according to 
the following equation: 
Biomass C= EC / KEC                                          (1) 
where EC is the organic C extracted from fumigated soils minus that 
extracted from non-fumigated soil and KEC is the extractable part of MBC 
after fumigation. This is because not all the MBC is solubilised by this 
method. The units of Equation 1 are: µg C g-1soil. A value of 0.45 is 
recommended for KEC to transform extractable organic carbon into MBC 
(Vance et al., 1987c). 
Soil samples (10 g w/w) were weighed into 50 ml beakers for fumigation 
and in 250 ml plastic bottles for direct extraction, in duplicate. The 
fumigation chamber was lined with moist paper towels to maintain the 
humidity of the atmosphere during fumigation. Approximately 50 ml of 
amylene stabilized (Kaiser et al., 1992; Mueller et al., 1992) CHCl3 (Fisher 
Scientific UK, Leicestershire) together with antibumping granules were 
placed in a container in the centre of the fumigation chamber. The 
fumigation chamber was closed and connected to a vacuum and evacuated 
until the CHCl3 boiled vigorously. The valve was closed and the desiccator 
was maintained in the dark for 24 hours at 25 oC. The fumigation procedure 
was complete in a fume cupboard. After 24 hours the vacuum was released, 
the paper towels were removed, and the fumigation chamber was evacuated 
5 times to remove residual CHCl3. Each evacuation was for 2 minutes and 
air was allowed into the fumigation chamber after each evacuation to 
remove the residual chloroform. After evacuation was completed, the 
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samples of soil were transferred to 250 ml plastic bottles containing 50 ml 
of 0.5M K2SO4 (ratio 5:1, 10 g of soil:50ml of K2SO4)(Horwath et al., 
1994). The samples were extracted for 1 hour at 180 rpm on a laboratory 
shaker (LS5 Laboshake, Gerhardt, Bonn, Germany). Non-fumigated 
samples were extracted directly with 0.5M K2SO4 when the fumigation 
started. After shaking the samples were filtered into 60 ml plastic bottles 
through Whatman filter papers (No.1).  A blank consisting of 50 ml of 
K2SO4 was also filtered following the same procedure to provide a blank 
correction for organic C derived from the filter papers. The filtered extracts 
were stored at 4 oC for a maximum of one week or at -20 oC if longer 
storage was required, until analysis. The total dissolved organic carbon 
(DOC) concentration was measured using a Shimadzu TOC VWS Total 
Organic Carbon Analyzer (Shimadzu, Kyoto, Japan), based on a wet 
chemical oxidation technique, using the non-purgable organic carbon 
(NPOC) method. The principle of the NPOC method is that phosphoric acid 
is added automatically to the liquid sample. The acid reacts with the 
inorganic carbon thus leaving the organic carbon content. This method is 
recommended for soil analysis because it is prone to less error than the 
alternative total carbon-inorganic carbon (TC-IC) method (Dahlén et al., 
2000; Shimadzu, 2003). The samples were prepared for analysis in 40 ml 
glass vials and were covered with parafilm to prevent atmospheric C 
contamination before loading onto the automatic sampling rack. Standards 
where placed every 12 samples to ensure accuracy of the analysis. Standards 
of dissolved carbon were prepared from dry potassium hydrogen phthalate 
(Fisher Scientific UK, Leicestershire).  
4.7 Most Probable Number (MPN) Technique for Enumeration of 
soil Protozoa 
The enumeration of soil protozoa followed the MPN-fluorescence method 
described by Ekelund et al. (1999). The published technique was modified 
by using Escherichia coli (strain K12) as the food source for the protozoa in 
place of Pseudomonas fluorescens.  This approach was taken as the 
experiments on bacterial populations also used E. coli as an indicator 
(Rogers and Smith, 2007). The bacteria carried the plasmid pGLO+, and 
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were thus fluorescent when irradiated with UV light. The bacteria were 
grown in Luria Bertani (LB Broth-Lennox, Oxoid, UK) medium sterilised 
by autoclaving at 121 oC for 15 minutes (Priorclave 230 L, London, UK). 
Ampicillin (100 µg ml-1) and L(+)-arabinose (2 mg ml-1) (Acros organics, 
UK) were added to the medium by filtering through 2 mm syringe filters. A 
50 µl aliquot of the solution containing the prey bacteria was added and 
placed on an orbital shaker (KS 501 D, Janke and Kunkel, IKA 
Labortechnik, Germany) at 180 rpm to grow until the late exponential 
phase. The culture of cells was concentrated by centrifugation (3000g for 5 
min) (Gallenkamp Labspin) and washed in modified Neff’s amoebae saline 
(PAS). A suspension of 5.0 x 108 cells ml-1 was added to all the wells of the 
micro titre plate (100µl per well). PAS was prepared by combining 10 ml of 
the following stock solutions with 950 ml of distilled water: 
 
Stock solution 1: NaCl - 1.20g / 100ml H2O  
Stock solution 2: MgSO4 x 7 H2O  - 0.04g / 100ml H2O  
Stock solution 3: CaCl2 x 6H2O -  0.06g / 100ml H2O  
Stock solution 4: Na2HPO4 - 1.42g / 100ml H2O  
Stock solution 5: KH2PO4 - 1.36g / 100ml H2O 
 
A soil suspension was produced by mixing 2-3 g (wet weight) of soil with 
50 ml PAS and shaking for 1 h at 180 rpm using a laboratory shaker (KS250 
Basic, IKA Labortechnik, Germany).  A 50 µl aliquot of soil suspension 
was transferred to the first row of the micro titre plate (Coastar 3598, USA). 
Three fold dilutions were performed, transferring 50 µl aliquots from the 
previous row to the next one until the twelve rows were inoculated. A micro 
titre plate with bacteria, but without soil solution was used as a control. The 
plates were incubated at 12.5°C in the dark. The plates were inspected for 
presence-absence of protozoa after incubation for 40 days. Light emission 
was measured by direct observation under UV light (Spectra light UV lamp, 
UK). Figure 4.5 shows both a control and an inoculated plate. Wells where 
the bacteria had been grazed by protozoa did not show any light emission. 
Results from the plates were transformed to logarithmic numbers of 
protozoa using the BAM-MPN program (Briones and Reichardt, 1999).  
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Figure 4.5 Automated MPN technique for enumeration of soil protozoa 
using E. coli labelled with plasmid pGLO+ as the prey organism 
showing fluorescence under UV light. (a) control plate (no protozoa) 
and (b) soil inoculation- increasing dilution of soil extract from left to 
right 
 
4.8 Environmental Data 
Soil temperature in the field experiments was measured using remote data 
loggers (Tiny Tag Transit Temperature range H TG-0050, Omni 
Instruments). Three loggers were randomly located on the plots at each site 
at a depth of 5 cm and the ambient temperature was measured at 1h 
intervals. Gravimetric moisture content was measured by loss in mass of the 
soil (MAFF, 1986) for individual soil samples by drying in a forced-air oven 
at 105 oC until constant weight was achieved. Figures 4.6 and 4.7 show the 
average temperature and the soil moisture content, respectively, at each field 
site for the entire sampling period from 20 April 2005 to 7 September 2007. 
Figure 4.8 shows the environmental data for each individual field 
experiment.  
 
In general, the soil moisture content was in average 5% greater at North 
Sidelands compared to Brices Field, which was consistent with its greater 
OM content and higher water holding capacity (WHC). Moisture content 
was in the range 16-25 % at North Sidelands and 13-21 % at Brices. Soil 
temperature was generally 1-3o C higher at Brices compared to North 
Sidelands. Brices Field had less pore space which may explain the higher 
temperature. The pattern in environmental data showed the expected trend 
in seasonality. During the spring-summer period (FT1 and 3) soil 
temperature was between 10-15 oC for the first 50 days, increasing after this 
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initial period to 20-25 oC. Moisture content in North Sidelands was 20-25%, 
and 15-20% in soil from Brices Field, decreasing by about 10% during the 
summer period in soil at both sites in FT3. During the autumn-winter period 
(FT2 and 4) there was less variability in the environmental data. During this 
period soil temperature was 10-15 oC for the first 20 days, decreasing to 5 
oC. Soil moisture content remained relatively constant, especially in FT2, 
with values of 20 and 25% in Brices Field and North Sidelands, 
respectively. In FT4, the soil moisture content decreased to 10% in moisture 
content by Day 194 in the later stages of monitoring this experiment with 
the onset of spring. Weather data, including rainfall and air temperature 
were collected at the sites daily and these data are available in Appendix 3. 
 
4.9 Statistical Analysis 
Statistical treatment of data was performed using SPSS software (SPSS 15.0 
for Windows©). Analysis of variance (ANOVA) was used to determine the 
statistical significance of experimental treatments on the soil microbial 
biomass carbon (SMBC) and size of protozoa populations. Post-hoc tests 
were also performed to further examine the effects of the experimental 
treatments on SMBC and protozoa populations. The homogeneity of 
variances was tested by Levene’s test and when this was significant at 
P=0.05, the Tamhane’s T2 test (Tamhane, 1979) was applied for 
comparisons of means, in all the other cases Tukey’s test was performed. 
 
Multiple linear regression analysis was carried out to examine the 
relationships between the experimental variables such as time, soil 
temperature and soil moisture content on the SMBC and protozoa 
populations. The scientific graphics software programme Coplot (Coplot 
version 6.311, CoHort Software©) was used in order to draw 3D plots of the 
effect of the independent variables on the dependent variable. Conventional 
significance threshold for statistical testing of P≤0.05 was adapted.  
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Figure 4.6 Soil temperature at the field sites for all the field experiments. Temperature is given as a mean of remote logger data for 
the period between sampling dates at each field site. 
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Figure 4.7 Moisture content at the field sites for all the field experiments, representing the mean of gravimetric measurements 
made at approximately weekly intervals at each field site. 
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Figure 4.8 Soil temperature (ST) and moisture content (MC) recorded for each experimental field trial. ST is given as the mean 
value by remote logger data measured for the period between sampling dates and the MC is the mean of gravimetric values at 
weekly intervals 
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CHAPTER 5 
Effect of Organic Residual Soil Amendments on the Microbial Biomass C 
Concentration in Two Contrasting Agricultural Soils 
 
5.1 Introduction 
The addition of organic residual soil amendments, such as biosolids and livestock 
wastes, to agricultural soils provide significant benefits through the incorporation of 
essential nutrients for crop production, maintaining the organic matter content of 
agricultural soils, and improving the structure and stability of soil aggregates 
(Calbrix et al., 2007). Recycling of biosolids to farmland is recognised as the best 
practicable environmental option (BPEO) by the United Kingdom Government 
policy due to their beneficial effect on the soil (Crathorne et al., 2002; Defra, 2007).  
 
Soil microbial biomass (SMB) is the living component of soil organic matter, 
excluding plant roots and soil animals. Although it comprises less than 5% of organic 
matter in soil it plays a vital role as an agent of soil processes (Rowell, 1994). The 
soil microbial biomass is responsible for soil biochemical processes, particularly C 
turnover, organic matter transformations and nutrient cycling in soil and provides a 
repository of labile soil C, N or P in soil (Dalal, 1979; Buckley and Schmidt, 2003; 
Osler and Sommerkorn, 2007). During these processes, organic material entering the 
soil is transformed by microorganisms to generate energy and produce new cellular 
metabolites, and to support their maintenance and growth. For this reason, SMB 
responds much more quickly to changing environmental and edaphic conditions than 
does the soil organic matter as a whole (Sparling, 1992).   
 
Temperature and moisture content influence SMB concentrations (Wardle, 1990), as 
well as other factors such as the soil type, land use, crop rotations and especially soil 
amendments (Powlson and Jenkinson, 1981; Sorensen, 1983; Vanveen et al., 1985; 
Collins et al., 1992; Ghoshal and Singh, 1995).  Modifying the biological 
equilibrium by addition of soil amendments causes changes in the composition and 
activity of the soil biomass, affecting soil fertility in both the short and long-term. 
Addition of organic matter to soil in the form of manure and sludges increases the 
SMB content and is therefore of benefit to the maintenance of soil fertility (Brookes, 
1995; Leita et al., 1995; Leita et al., 1999). Soil systems considered are considered 
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C-limited, therefore available C in organic materials entering the soil enhances 
mineralisation processes. Under suitable environmental conditions, the extent of 
nutrient turnover is mainly controlled by the size and activity of the microbial 
biomass (Martens, 1995). Thus, the measurement of SMB is of importance in studies 
of nutrient cycling and ecological processes in soils and provides a marker of soil 
fertility status.  
 
The SMB itself may represent a labile pool of C and nutrient elements. Temperate 
agricultural soils typically contain 200-1000 µg biomass C g-1 dry soil. This mass can 
release by mineralisation processes up to 600 kg ha-1 of N and 300 kg ha-1 of P in the 
top 30 cm of soil (Martens, 1995). These amounts often exceed the annual 
application of nutrients supplied as fertilizer to soils in agricultural practice, which 
emphasises the importance and need to quantify the dynamics of the soil microbial 
biomass, as well as the positive impact of suitable soil amendments to improve its 
activity. 
 
The main objective of this investigation was to quantify the impacts of organic soil 
amendments on the SMBC and thus on soil fertility. This information may also be 
important for the interpretation of the soil microbial interactions related to the decay 
of enteric pathogens in sewage sludge and livestock manure amended agricultural 
soils. The SMBC was measured in a programme of four field experiments on two 
contrasting agricultural soil types in different cropping seasons with the specific aims 
to: 
 
• Quantify the effects of different biosolids and livestock waste amendments on 
SMBC concentrations and fertility status of agricultural soils. 
 
• Determine the interactions between these soil amendments and soil type on 
SMBC concentration dynamics under field conditions. 
 
• Establish possible links between soil microbial ecological interactions and the 
decay of enteric pathogens in organic residual-amended agricultural soils.  
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5.2 Materials and Methods 
Full details of the analysis procedures to measure the SMBC concentration are 
presented in the General Materials and Methods (Section 4.3.1). Details of the 
experimental design of the field trials are described in Chapter 3. 
 
5.3 Results  
5.3.1 Effect of Soil Type and Season on SMBC 
Mean values of SMBC concentrations for the unamended control plots for both 
experimental soil types and the overall mean value are shown in Figure 5.1. SMBC 
measured in the contrasting soil types reflected key differences in the physico-
chemical properties of the soil. The average unamended control values for SMBC in 
North Sidelands soil ranged between 640 µg C g-1 ds for FT 1 and 4, and 850-920 µg 
C g-1 ds for FT 2 and 3, whereas the values for soil at Brices Field were between 100-
150 µg C g-1 ds. This behaviour was consistent with the larger organic matter (OM) 
value for North Sidelands, which was in general twice that for Brices Field. The clay 
content differed between the two experimental soils and was between 14-17% for 
Brices soil and 38-46% for North Sidelands. Also, the pH value for North Sidelands 
was in the alkaline range (7.9-8.2) compared to Brices Field, which had a pH value 
between 5.7 and 6.8. Increasing SMBC concentrations are usually detected in soils of 
high OM content and pH (Carter, 1986; Ladd and Amato, 1989; Zagal, 1993; 
Jenkinson et al., 1999).  
 
Regarding to the differences between the field trials and hence the effect of 
seasonality, SMBC concentration in the unamended control soils in North Sidelands 
showed no statistically significant difference (P>0.05) when comparing FT1 with 
FT4,  and FT2 with FT3, but SMBC concentration in FT1 and FT4 were statistically 
significantly lower (P<0.05) than SMBC concentrations in FT2 and 3. In Brices 
Field, SMBC concentration was significantly lower (P<0.05) in FT1 compared to all 
the other field trials, and no significant difference (P>0.05) was observed between 
FT2, 3 and 4. 
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Figure 5.1 Mean SMBC concentrations for unamended control soil for each of 
the experimental field trial (FT). Error bars are the LSD 0.05. (FT1:04/2005-
09/2005; FT2:10/2005-08/2006; FT3: 04/2006-08/2006; FT4:10/2006-09/2007) 
 
5.3.2 Effect of Organic Amendments 
The effects of the organic amendments on the SMBC concentration depended upon 
the microbiological content and substrate availability of the different soil 
amendments, as well as the background SMBC. As explained in Section 5.3.1, soil 
characteristics influenced the background SMBC concentration in the control plots, 
and this also affected the apparent response of the SMBC to the different soil 
treatments (Figure 5.2). In this section, detailed explanation of the effect of the 
different type of amendment used compared to the unamended control plots is given.  
 
5.3.2.1 DMAD and DRAW Amendments 
Figure 5.3 shows the effect of DMAD and DRAW amendment on the average 
SMBC concentration for the two experimental soils in the different field 
experiments. SMBC concentrations increased above unamended control 
concentration following addition of both sludge types to soils depending on the soil 
texture. Based in the pooled data for the 4 field experiments, there was a statistically 
significant increase (P<0.05) in SMBC concentration in DMAD and DRAW 
amended plots for both experimental soil types compared to the unamended control 
plots.  
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In general, however, the increase in SMBC concentration was larger for Brices soil 
(sandy silt loam/clay loam) relative to the background soil value, with contained the 
smallest organic matter and background SMBC concentrations compared to North 
Sidelands soil (silty clay/clay). DRAW addition increased the SMBC concentration 
to a greater extent than DMAD consistent with the greater input of bioavailable 
organic C in the unstabilised sludge type. In all the field experiments the increase in 
SMBC concentration following addition of DMAD and DRAW was statistically 
significant (P<0.05) compared to the unamended controls in soil from Brices Field. 
Statistically significant (P<0.05) increases in SMBC concentration in North 
Sidelands soil were detected in FT3 and 4 for DRAW, but only in FT4 for DMAD 
amendment.  
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Figure 5.3 Overall mean SMBC concentrations for the two experimental soils 
after application of DMAD (dewatered mesophilic anaerobically digested 
biosolids) and DRAW (dewatered raw sludge) amendments compared with the 
unamended control values for each experimental field trial; the overall mean is 
pool data from all field trials  
 
Figure 5.4 shows the effect of DMAD and DRAW addition on the SMBC 
concentration over the monitoring period for FT1 compared to the unamended 
control. Initially, the increase in SMBC concentration following addition of DRAW 
was 250 µg C g-1 ds compared to control values for North Sidelands and 300 µg C g-1 
ds for Brices. In general, DRAW consistently increased the SMBC concentrations 
compared to the control. After the initial increase in SMBC however, the 
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concentration decreased to approximately control values by day 48 in North 
Sidelands soil. SMBC concentrations in plots receiving DRAW were consistently 
above the unamended control for the duration of the experiment, however, ANOVA 
analysis indicated no statistically significant difference between the experimental 
treatments (P>0.05) for North Sidelands soil. SMBC concentration in DRAW 
amended soil at Brices Field decreased to 160 µg C g-1 ds above the unamended 
control by day 32, but remained significantly larger (P<0.05) compared to control 
values for the duration of the experiment. 
  
The addition of DMAD to FT1 compared with the unamended control was smaller 
relative to the response to DRAW and equivalent to 100-150 µg C g-1 ds for North 
Sidelands soil and 50 µg C g-1 ds for Brices Field. The SMBC concentrations were 
consistently larger than control plots by approximately 50-100 µg C g-1 ds for the 
remaining duration of the experimental period for both soil types; ANOVA showed 
the increase in SMBC was statistically significant for Brices Field (P<0.05), but not 
in North Sidelands (P>0.05). The effect of DMAD addition to the plots with grass 
showed an increase in the SMBC concentration of approximately 25 µg C g-1 ds 
compared to DMAD application to bare soil after Day 15 at Brices Field, although 
this was not statistically significant to P=0.05. 
 
Figure 5.5 shows the effects of DMAD and DRAW addition on SMBC 
concentrations measured in FT2 during the autumn/winter period (18/10/05-
03/04/06). DRAW application initially increased the SMBC concentration compared 
to the control values by approximately 300 µg C g-1 ds in both soil types. The SMBC 
concentration in Brices soil subsequently decreased from 500 to 250 µg C g-1 ds by 
Day 25, and was approximately 25 µg C g-1 ds greater than control values from Day 
75 until the end of the monitoring period. SMBC concentration in North Sidelands 
remained approximately 100 µg C g-1 ds above unamended control concentration 
until Day 100, but was decreased to control values after this time period. The effects 
of DRAW in SMBC were statistically significant (P<0.05) compared to control 
values in Brices Field, but no significant effect of this sludge was measured on 
SMBC in North Sidelands soil. 
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Figure 5.4 Average SMBC concentrations for the two experimental soils: a) 
North Sidelands (silty loam) and b) Brices Field (sandy silt loam), after 
application of DMAD (dewatered mesophilic anaerobically digested biosolids) 
and DRAW (dewatered raw sludge) compared with the unamended control 
values for FT1 
 
The application of DMAD increased the SMBC concentration by 150-200 µg C g-1 
ds in Brices soil. By day 14, the concentration decreased from 350-400 µg C g-1 ds to 
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175 µg C g-1 ds, and remained 25 µg C g-1 ds above control values for the remainder 
of the experiment. There was no statistically significant difference between the effect 
of DMAD when applied as a slurry paste with the inoculated bacteria and the DMAD 
cake application. ANOVA for the separated DMAD treatments did not show any 
significant difference with the control. However, when the data for these treatments 
were pooled together, the increase relative to the control was statistically significant 
(P<0.05). DMAD addition to North Sidelands soil consistently increased the SMBC 
concentration by 100 µg C g-1 ds compared to the unamended control, although in 
this case the effect was not statistically significant (P>0.05). 
 
The effect of DRAW and DMAD on SMBC in FT3 is shown in Figures 5.6 and 5.7, 
respectively. DRAW increased the SMBC concentration by approximately 1000 and 
150 µg C g-1 ds compared to the unamended control soil for North Sidelands and 
Brices Field, respectively. The concentration subsequently decreased to 250 µg C g-1 
ds above control values by Day 12 for North Sidelands soil and remained in the 
range 1000-1250 µg C g-1 ds for the duration of the monitoring period, except for 
Day 34, where the SMBC concentration in both DMAD and DRAW amended soil 
were similar to the control values. The overall increase on SMBC concentration in 
DRAW amended plots compared to the unamended plots was statistically significant 
(P<0.05) in both soil types. 
 
The SMBC concentration in DMAD-amended soil from Brices Field remained 
consistently larger than unamended control soil with values in the range 225-250 µg 
C g-1 ds after the initial increase following application. The addition of sludge 
prepared as a slurry consistently increased SMBC concentrations applied sludge 
compared to the cake sludge for both sludge types, although overall, this difference 
was not statistically significant (P>0.05). In Brices Field soil, there was an initial 
increase after slurry DRAW addition was of 100 µg C g-1 ds compared to the DRAW 
cake until Day 25. After Day 25, however, SMBC declined and approximated to 
unamended control values. A similar response was also observed in North Sidelands 
soil after the initial 19 days of the experiment. In DMAD-amended soil, the 
difference in SMBC observed in the slurry form compared to the cake was smaller 
but consistent during the monitoring period. The larger effect observed in the slurry 
sludge compared to the cake was probably due to the more intimate mixing of the 
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sludge by rotary cultivation when supplied to the soil in slurry form compared to the 
original dewatered cake. Therefore, the physical condition of the sludge increased 
accessibility of the added substrate resources to soil microorganisms thus increasing 
the growth response.  
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Figure 5.5 Average SMBC concentrations for the two experimental soils: a) 
North Sidelands (silty clay) and b) Brices Field (sandy silt loam), after 
application of DMAD (dewatered mesophilic anaerobically digested biosolids) 
and DRAW (dewatered raw sludge) compared with the unamended control 
values for FT2 
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Figure 5.6 Average SMBC concentrations for the two experimental soils: a) 
North Sidelands and b) Brices Field, after application of DRAW (dewatered 
raw sludge) compared with the unamended control values for FT3 
 
DMAD application to soil in FT3 increased SMBC concentration initially by 100 µg 
C g-1 ds in soil from Brices Field and 250 µg C g-1 ds in North Sidelands, and SMBC 
remained consistently above controls for the remaining duration of the experimental 
period in both soil types albeit not significantly at P=0.05.  
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b) Brices Field (clay loam) 
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Figure 5.7 Average SMBC concentrations for the two experimental soils: a) 
North Sidelands and b) Brices Field, after application of DMAD (dewatered 
mesophilic anaerobically digested biosolids) compared with the unamended 
control values for FT3 
 
Figures 5.8 and 5.9 show the effects of DRAW and DMAD on SMBC, respectively 
in both experimental soil types for FT4. Following DRAW application, SMBC 
concentration in North Sidelands soil increased and was typically 500 µg C g-1 ds 
above control values, and this difference was relatively consistent until Day 150.  
 109 
a) North Sidelands (Clay) 
0
200
400
600
800
1000
1200
1400
1600
1800
0 50 100 150 200
Time (days)
Bi
o
m
a
ss
 
C 
(m
g 
C 
g-
1  
ds
)
CONTROL DRAW DRAW+INOC
 
b) Brices Field (clay loam) 
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Figure 5.8 Average SMBC concentrations for the two experimental soils: a) 
North Sidelands and b) Brices Field, after application of DRAW (dewatered 
raw sludge) compared with the unamended control values for FT4 
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b) Brices Field (clay loam) 
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Figure 5.9 Average SMBC concentrations for the two experimental soils: a) 
North Sidelands and b) Brices Field, after application of DMAD (dewatered 
mesophilic anaerobically digested biosolids) compared with the unamended 
control values for FT4 
 
After this period, the differences remained 200 µg C g-1 ds above control until the 
end of the experiment. There was no significant effect of DRAW amendment as a 
slurry compared to cake application at North Sidelands. The SMBC concentration in 
Brices soil increased following application of DRAW, with maximum values of 450 
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and 400 µg C g-1 ds measured on Days 6 and 15, respectively. The increase above 
control values during the monitoring period was 100-150 µg C g-1 ds. There was a 
larger increase in SMBC with DRAW applied as slurry to Brices soil, but this 
difference was not significant (P>0.05) compared to application DRAW cake. 
SMBC concentrations were significantly (P<0.05) increased by DRAW application 
compared to the unamended plots for both experimental soil types. 
 
The addition of DMAD in FT4 increased the SMBC concentration initially by 200 
µg C g-1 ds in North Sidelands, with a maximum difference compared to control 
values of 400 µg C g-1 ds between Days 32 and 78. SMBC concentration initially 
increased in Brices soil approximately 25 µg C g-1 ds, less than observed in previous 
experiments. On Day 20 the differences with the control plots increased between 50-
100 µg C g-1 ds and remained consistent until Day 200. The ANOVA indicated that 
there was a statistically difference (P<0.05) between the DMAD amended plots and 
the unamended control.  
 
5.3.2.2 Other Sludge Amendments 
Figure 5.10 shows the effects of the other sludge types applied in FT1 and 2 on the 
SMBC concentration. Liquid sludge was only applied in FT1, and composted sludge 
was applied in FT2. TDMAD and Lime cake sludge were used in both these 
experimental field trials. The results for these treatments were consistent with the 
effects observed for DMAD and DRAW and were influenced by both soil and sludge 
characteristics. In North Sidelands (silty clay), there was no significant effect of the 
soil amendments on SMBC compared to the control values in FT1 (P>0.05). 
However, in FT2, compost and TDMAD increased the SMBC concentrations 
significantly (P<0.05) compared to the unamended control. 
 
The initial increase in SMBC concentration after the addition of TDMAD and Lime 
cake compared to the control was 100 and 200 µg C g-1 ds respectively in North 
Sidelands soil, and this difference remained relatively constant for the duration of the 
experiment. However, the effect of lime cake in North Sidelands soil was not 
statistically significant (P>0.05). Compost addition significantly (P<0.05) increased 
SMBC concentration by 200 µg C g-1 ds in North Sidelands soil compared to control 
values, and this difference remained for the duration of the monitoring period. The 
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effect on SMBC concentration was significant when compared to the unamended 
control (P<0.05). Liquid sludge had no significant effect on the SMBC concentration 
in soil from Brices Field (sandy silt loam). The addition of TDMAD increased the 
SMBC concentration from 100 to 150 µg C g-1 ds in Brices Field. After Day 33 
however, the concentration decreased and was not significantly different (P<0.05) 
from the control treatment. The effect of TDMAD in FT2 consistently increased 
SMBC concentration by approximately 50 µg C g-1 ds compared to the control after 
15 days from soil application. This increase showed significant difference (P<0.05) 
compared to the unamended control. Lime cake addition in soil from Brices has a 
significant effect on SMBC concentration (P<0.05) compared to the unamended 
control in FT1 but not in FT2. Lime cake consistently increased the SMBC 
concentration by 75 µg C g-1 ds above control values for the first 20 days after the 
initial addition. After Day 40, this difference increased to a maximum of 200 µg C g-
1
 ds and remained until the end of the experimental period. The initial increase in 
FT2 was of 150 µg C g-1 ds above control, decreasing until Day 32 to approach 
similar concentrations as the unamended plots for the remaining of the experimental 
period. Compost addition increased significantly (P<0.05) the SMBC concentration 
compared to the unamended plots in soil from Brices. The initial increase was 125 µg 
C g-1 ds above control values, with a maximum difference compared to the control of 
175 µg C g-1 ds on day 22. After that, the SMBC concentration was 50 µg C g-1 ds 
above the unamended control, remaining for the duration of the monitoring period.  
 
5.3.2.3 Livestock Manures and Slurries 
 
Figure 5.11 shows the SMBC concentrations after the addition of slurries or manure 
compared to unamended control plots. In general, these amendments had a smaller 
effect on the SMBC concentrations than the biosolids amendments. Indeed, livestock 
manures and slurries applied to North Sidelands had no significant effect on SMBC 
concentrations. In Brices soil, FYM and Cow slurry application consistently 
increased the SMBC concentration 15 days after application. There was no 
statistically significant (P<0.05) effect of FYM application compared to the control 
plots.  However, cow slurry significantly increased the SMBC concentration by 
approximately 50 µg C g-1 ds compared to control values after Day 15, and remained 
at this level for the remainder of the experiment.  
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b) Field Trial 2 (FT2) 
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Figure 5.10 SMBC concentrations for Liquid sludge, TDMAD, Lime cake and Compost amendments compared to the unamended 
control plots for a) FT1 and b) FT2 
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a) Northside Lands (silty clay) 
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b) Brices Field (sandy silt loam) 
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Figure 5.11 Average SMBC concentrations for Livestock manure and slurry 
amendment compared to the unamended control plots for a) North Sidelands 
and b) Brices Field in FT1 
 
5.3.3 Effect of environmental factors on SMBC 
Environmental data for the experimental field trials including soil temperature and 
gravimetric moisture content are shown in the General Materials and Methods 
Chapter (Section 3.5). Soil moisture content was in general approximately 4% 
greater at North Sidelands (Silty loam/ Silty clay/ Clay) compared to Brices Field 
(Sandy silt loam/ Clay loam), consistent with its greater organic matter content 
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(Section 4.1.1) and hence higher water holding capacity. Moisture content was in the 
approximate range of 16-25 % at North Sidelands and 13-21 % at Brices Field.  Soil 
temperature was generally 1-3 oC higher at Brices than at North Sidelands which 
may also be related to soil type since Brices was a Sandy silt loam/ Clay loam with 
less pore space compared to North Sidelands (Silty loam/ Silty clay/ Clay). 
 
The statistical analysis of the independent variables influencing SMBC 
concentrations (Table 5.1) showed that the environmental variables Soil temperature 
and Soil moisture content influence to a different extent throughout the experimental 
field trials. To determine and quantify the SMBC relationships between these 
variables and SMBC concentrations, a series of statistical analyses were completed 
including: general linear modelling and multiple regression and correlation analysis 
and these results are shown in detailed A general model obtained from the analysis of 
each experimental field trial for each soil type with pooled data for all the treatments 
showed the effect on SMBC concentrations of ST and SMC and this is shown in 
Figures 5.12 to 5.14.  
 
Table 5.1 Multiple regression analysis testing the effect of environmental and 
experimental variables on soil protozoa populations for pooled data from the 
field trials (FT 2, 3 and 4) 
 
Source df F P value % Variance 
explained 
Corrected Model 34 16.69 <0.001 0.794 
Intercept 1 50.74 <0.001 0.003 
Treatment (biosolids type) 7 45.02 <0.001 >.5 
Field trial 2 6.04 0.002 0.7 
Soil type 1 0.31 0.577  
Time 1 0.61 0.435  
Temperature 1 15.64 <0.001 0.9 
Moisture content 1 10.77 <0.001 0.6 
Treatment * Field trial 4 6.77 <0.001 1.6 
Soil type * Treatment  7 1.06 0.389  
Soil type * Field trial 2 1.62 0.198  
Temperature * Time  1 10.57 <0.001 0.6 
Moisture content * Time 1 2.72 0.099  
Moisture content * Temperature 1 12.91 <0.001 0.8 
Soil type * Treatment * Field trial 4 0.18 0.947  
Moisture content * Temp * Time 1 13.30 <0.001 0.8 
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Further analysis to evaluate the influence of the environmental variables in SMBC 
concentrations in relation to the amendments applied to the agricultural soil was done 
with pooled data for all the experimental field trials for the unamended control plots 
compared to the plots receiving DMAD and DRAW in both soil types as these 
treatments were the more representative for being used in all of the experimental 
trials as well as giving a major response after application of the amendment. The 
relationships between SMC and ST and SMBC concentration for these treatments in 
all the field trials are shown in Figures 5.13 to 5.14. 
  
Figure 5.12 shows the SMBC concentrations for the unamended control plots for the 
pooled data of all the field trials. The variables with a significant effect (P<0.05) on 
SMBC concentration in the regression model were SMC in North Sidelands and ST 
in Brices. The r2 for the model was low, with 8 and 4% respectively. The correlation 
factor for SMC in North Sidelands was 0.3; increasing SMBC concentration with 
higher values of SMC, meanwhile ST in Brices had a negative correlation of -0.2, 
with lower values for SMBC as the temperature increased. Although not statistically 
significant (P>0.05) SMC in Brices was also positively correlated to SMBC and ST 
in North Sidelands had a negative correlation. When Time was added to the model it 
was only in North Sidelands that had a significant effect on SMBC concentration,  
 
For DMAD amended plots, SMC had a significant influence (P<0.05) with a 
positive correlation of 0.2 in both soils, with increasing SMBC concentration as the 
SMC increased. In Brices site, ST had a significant effect increasing SMBC 
concentration at higher ST values, but this effect was hardly noticeable in the model, 
with significant correlation for ST (P>0.05). In North Lands the effect of ST had no 
significant effect (P>0.05) on SMBC. The r2 for the model was 6 and 7% for North 
Sidelands and Brices respectively. If Time was added to the regression model, it had 
a significant effect (P<0.05) on SMBC concentration, with a negative correlation 
factor of -0.4 and -0.1 for North Sidelands and Brices respectively. When Time was 
included in the Model for North Sidelands, it increased the r2 of the model to 11%, 
meanwhile in Brices it excluded ST as a significant variable in the model but there 
was no change in the r2.  
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a) Brices 
 
 
 
b) North Sidelands 
 
 
 
Figure 5.12 SMBC concentrations for the unamended control plots in the 
different experimental field trials for a) Brices and b) North Sidelands in 
relation to Moisture Content and Temperature. Average measured SMBC 
concentration (□), expected SMBC (□) and error between measured and 
expected SMBC concentration ( | ).  
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a) Brices 
 
 
b)  North Sidelands 
 
 
 
Figure 5.13 SMBC concentrations for DMAD amended plots in the different 
experimental field trials for Brices a) and North Sidelands b) in relation to 
Moisture Content and Temperature. Average measured SMBC concentration 
(□), expected SMBC (□) and error between measured and expected SMBC 
concentration ( | ).  
 
Results showing the influence of SMC and ST on SMBC concentration after the 
addition of DRAW in the experimental field trials are shown in Figure 5.14. In both 
soil types SMC was the only significant variable (P<0.05) with a positive effect on 
SMBC concentration, increasing as SMC increased and with correlation factors of 
0.37 and 0.35 for North Sidelands and Brices respectively. Although no significant in 
the model, SMC had a negative correlation factor of -0.2 in both experimental soils. 
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The r2 for the model was 13% in both soils, increasing up to 17 and 15% in North 
Sidelands and Brices respectively when Time was added to the regression model. 
Time had a significant negative effect (P>0.05) on SMBC concentration, with a 
correlation factor or -0.41 for North Sidelands and –0.26 for Brices. 
 
a) Brices 
 
 
 
 
b) North Sidelands 
 
Figure 5.14 SMBC concentrations for DRAW amended plots for Brices a) and 
North Sidelands b) in relation to Moisture Content and Temperature. Average 
measured SMBC concentration (□), expected SMBC (□) and error between 
measured and expected SMBC concentration ( | ).  
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5.4 Discussion 
The results obtained for the SMBC concentration for the unamended plots and after 
the addition of the different amendments to both soils showed that the main factors 
governing the SMBC concentration dynamics were the soil physico-chemical 
characteristics of the two experimental soils used and to a certain extent, the climate 
conditions..  
 
SMBC concentration for the unamended control plots was consistently higher in 
North Sidelands than in Brices soil during the duration of the field experiments, and 
were within normal ranges compared to previous studies (Banerjee et al., 1997; 
Franco-Hernández et al., 2003; Jedidi et al., 2004; Fernandes et al., 2005). The 
difference in the SMBC concentrations for the experimental soils was explained by 
the physico-chemical characteristics of the soil. Soil microbial processes in different 
ecosystems are linked to the nutritional status of soils, and to the organic matter 
added. North Sidelands soil contained more than twice the concentration of organic 
matter than soil from Brices Field. These results agreed with the average SMBC 
concentrations measured in soils with different OM concentrations found by Wu and 
Brookes (1988), where in soil containing 1-2% OM the concentration was 130 µg C 
g-1soil, and soil with high OM content (4-5%) had a SMBC concentration of 427 µg 
C g-1soil.  
 
The mineral composition of the soil also had an influence on the difference between 
the SMBC content in the two soils, as SMB increased when soil texture increases its 
clay content composition (Powlson and Jenkinson, 1981; Van Veen, 1990; 
Franzluebbers et al., 1996) and taking this into account the results are consistent with 
the larger microbial biomass expected in the silty clay soil at North Sidelands 
compared to the sandy silt loam at Brices Field.  
 
The pH of the soils influenced in the microbial biomass values (Pennamen et al., 
1988), with increasing SMBC concentration related to high pH values, which will 
explain as well the highest SMBC concentration in North Sidelands than in Brices. 
Soil pH is a significant controlling parameter for the microbial biomass in both 
laboratory and field studies (Anderson and Domsch, 1993; Motavalli et al., 1995; 
Blagodatskaya and Anderson, 1999; Kemmitt et al., 2006). The largest SMBC 
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concentration in North Sidelands was supported by results from Kemmit et al. (2006) 
that stated that soil pH was positively related to SMBC, suggesting that this 
relationship is partially indirect, being linked to changes induced by pH in net 
primarily production and the availability of substrates. They also reported that 
enhanced soil acidity acted directly on the functioning of the microbial community 
itself.  
 
The effect that soil characteristics had on the SMBC concentration of control plots 
was also observed when organic amendments were applied to the experimental plots, 
with higher SMBC concentration in North Sidelands but larger increase in 
comparison with Brices soil with lower organic matter content. Therefore, the effect 
of the addition of biosolids changed depending on the characteristics of the soil, 
together with the characteristics of the amendment applied. The higher increase in 
SMBC concentration after the addition of the treatments in Brices can be because 
when biosolids were added to soil with a high OM content (North Sidelands) the 
amount added was not sufficient to cause a significant change in soil biomass 
(Fornasier et al., 2002). This explained the response in North Sidelands, where the 
difference following biosolids addition with the control values was less indicative, 
due to the dilution of the input biomass in the amendments with the high OM soil. In 
Brices, because of a lower OM content, the response to the addition of sludge 
resulted in an immediate increase of the SMBC concentration, as a result of the direct 
application of biomass to the soil from the sludge. This association with the 
background organic matter content of the soil agrees with the results reported by 
Jimenez et al. (2007), where the increase in SMBC after the application of different 
organic amendments was generally higher in a sandy soil than in clay soil, depending 
on the lower initial organic matter content of the former than the latter soil. 
 
SMBC concentrations increased in both soils after the addition of the organic 
amendments over the unamended control concentration, which was consistent with 
previous studies where following sludge application the SMBC increased in 
comparison to unamended soil. (Banerjee et al., 1997; Franco-Hernández et al., 
2003; Jedidi et al., 2004; Fernandes et al., 2005). The general increase in biomass C 
can be attributed to the incorporation of easily biodegradable organic materials, 
which stimulates the autochthonous microbial activity of the soil together with the 
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incorporation of exogenous microorganisms (Perucci, 1992). The soil physico-
chemical characteristics explained were also valid to explain the effect on SMBC 
concentration when different types of biosolids were applied to agricultural soil. 
Thus the physico-chemical characteristics of each soil provided contrasting 
biological environments for testing the effects of soil ecological conditions on 
microbial activity. 
 
The increase in SMBC concentrations after the application of different sludge was 
consistent with the microbiological contents of the amendments. The largest increase 
was observed with DRAW, followed by Compost and DMAD. DRAW supplied with 
microbial biomass from faecal matter and DMAD contained biomass derived from 
the anaerobic digestion process. DRAW was expected to increase to a larger extent 
the SMBC concentrations because of the unstabilised nature of the amendment, 
compared with lower biomass found in stabilised products like DMAD and Compost. 
This fact was explained by Jedidi et al. (2004), where the SMBC concentration in a 
loamy-clayey soil, amended with composts of municipal solid waste, sewage sludge 
and farmyard manure and incubated for 8 weeks at 25 oC appeared to be dependent 
on the type of organic waste residues, on their degree of stability, and on their 
chemical characteristics. In general, organic wastes increased the SMBC content in 
the soil and it was positively correlated with the organic C content. Pascual et al. 
(1997) describe that after the addition of municipal solid waste, sewage sludge and 
compost during an incubation experiment for 360 days increased the values of 
biomass carbon indicating the activation of soil microorganisms and the 
improvement of soil biological quality brought about by the organic amendment. 
This favourable effect on soil biological activity was more noticeable with the 
addition of fresh wastes (municipal solid waste or sewage sludge) than with compost. 
The reason to explain the larger increase by these amendments is that the processes 
they went through involved high degree of microbial activity, and once the process 
has finished, part of the microorganisms involved are retained in the sludge, which 
supposed a direct addition of microbial biomass to the soil as well as organic matter 
to be used by the indigenous soil microbial population. The differences between the 
sludge and the compost can be due to the fact that sludge has a higher content of 
water-soluble carbon (Pascual et al., 1997) which is a direct source of energy for the 
microorganisms and contributes to increase their activity and thus, the microbial 
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biomass. When DRAW was added to the agricultural soil, there was a significant 
initial increase, followed by a rapid decline after a short period of time, meanwhile 
when DMAD and Compost were added, the increase was not as pronounced initially, 
but remained constant for a longer period, due to the less stabilize condition of 
DRAW compared to DMAD and Compost. Chander et al. (1995) reported an 
increase in SMBC from 323 µg C g-1 ds to a maximum of 1046 µg C g-1 ds after 3 
days following the addition of the untreated sewage sludge mixture to soil and to a 
lesser extent in the soil amended with mature compost (506 µg C g-1 ds) at an 
application rate of 40 T Ha-1. These results agrees with those found by Sanchez-
Monedero et al. (2004), where comparing the effect on SMBC after the addition of 
untreated sludge and mature compost, at the end of the experiment, the size and the 
activity of the soil microbial biomass following the addition of untreated sewage 
sludge were twice those developed with mature compost, with the SMBC recovering 
its equilibrium after the addition of Compost after just 18 days of incubation. The 
soil amended with untreated sludge did not recover the equilibrium until after two 
months. This shows that the higher the stabilisation degree of the amendments 
applied to soil, the lower the SMB developed for the duration of the monitoring 
period.  
 
The higher concentrations in plots receiving Compost in FT2 can be due to the level 
of stabilisation of the compost applied to the soil. The higher amount of water 
soluble carbon at the initial stages of the composting process can be easily used by 
the soil microbial biomass as carbon and energy sources. Moreover, organic waste 
mixtures at early stages of composting are colonised by a higher amount of microbial 
biomass than at the end of the composting process. As in the case of DRAW 
addition, this microbial biomass, originally developed during the composting 
process, is added to the soil along with the organic waste mixtures, but to a lesser 
extent. The increase on SMC concentration after the addition of Compost agreed 
with the reported by Selivanovskaya and Latypova (2006), where soil amended with 
Compost increased SMBC concentration by a factor of 2 to 3 more than the 
unamended control soil measured for a period of two years. Saison (2006) compared 
different levels of stabilised compost application to soil, reporting an increase in 
SMBC concentration as an influence on the composition of the soil microbial 
community, suggesting that the effect of compost amendment was mainly due to the 
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physicochemical characteristics of compost matrix rather than to compost-borne  
microorganisms.  
 
The physical characteristics of the sludge also affected their impact on SMBC, as 
shown in the DMAD and DRAW amendments applied in the form of thick slurry 
compared to the regular cake sludges. Even though there were effectively no 
differences in management for these treatments, there was an enhanced availability 
of nutrient resources for microbial growth resulting from the more intimate mixing 
taking place when the sludge was applied in this way.  
 
TDMAD and Lime Cake sludge went through specific treatment to eliminate 
pathogens, and therefore the effect on SMBC was the result of stimulation of the 
endogenous soil microbial population through the introduction of organic matter to 
the soil. The OM content for both treatments was similar (approximately 60% DS) 
and therefore, it was an important input for the endogenous microbial biomass. 
Liquid sludge addition contributed little to the SMBC. This was due to the small DS 
input compared to solid sludge and consequently, a small OM addition when applied 
to soil. The impact on SMBC concentration after Lime cake addition was also 
determined by its influence on soil pH. Kemmit et al. (2006) reported that most 
experiments in which pH has been manipulated by either acid or lime addition have 
been relatively short term, and so the soil microbial biomass (SMB) may not have 
had time to adjust to the radically altered conditions. Curtin et al. (1998) suggested 
that in many soils, lime application has the consequence of solubilising organic 
matter so any observed short-term microbial responses may be due to this increased 
release, rather than simply to a direct effect of pH on the microbes themselves 
Kemmit et al. (2006) in an experiment adding Lime cake to agricultural soils 
reported that SMBC increased linearly with increasing soil pH. 
 
The response observed for the livestock manures and slurries compared to the control 
plots were less significant than previous amendments. Slurries were 
microbiologically stabilised and the DS input was smaller compared to the solid 
sludge, resulting in a smaller direct addition of biomass to the soil. Pig slurry was 
more biodegradable than cow slurry, as the digestion in ruminants is more extensive. 
FYM is stabilised product, and the effect was bigger than that for the slurries. 
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Saviozzi et al. (1999) reported that SMBC in an agricultural soil under field 
conditions where FYM was added during a period of 40 years with an application 
rate of 5 t ha-1 year-1 increased significantly compared to unamended soil and with 
aerobically digested sludge amended soil for a period of 12 years. The explanation 
for the significantly higher content of TOC in plots treated with FYM compared to 
sludge lies in the fact that, although the treatments were carried out by distributing 
the same amount of dry matter, and the mean TOC content in the two materials was 
similar, the organic C of FYM was more humified and, consequently, more resistant 
to mineralization. The higher increase in soil amended with FYM compared to the 
sludge can also be explained by the digestion process used. Albiach et al. (2001) 
investigated the effect of the application as fertilizer during ten years of aerobically 
and anaerobically digested sludge on the microbial biomass, reporting that the 
applications of sludge during ten years increased the SMBC. This increased was 
higher in the anaerobic sludge, suggesting that the high degradability of aerobic 
sludge incorporated less OM, whereas the anaerobic sludge produced a higher 
accumulation of organic matter in soil. 
 
Environmental factors, such as soil temperature and soil moisture content influence 
the SMBC concentrations (Wardle and Parkinson, 1990). Concentrations when 
amended with DMAD sludge were influenced by both environmental factors. Soil 
moisture content influence was positive meanwhile the effect of the temperature 
varied depending on the FT. Overall, the effect of the moisture content was bigger 
than that for temperature. In DRAW amended soil, the response was similar, but in 
the case of Brices Field, only moisture content had a significant effect. These results 
are consistent with the reported by Devi and Yadaba, (2006), where microbial 
biomass C showed a positive significant correlation with soil moisture and 
temperature. (Zaman and Chang, 2004) reported the significant influence of 
temperature and substrate type on SMBC, but less by the moisture content. However, 
this experiment was done under controlled conditions comparing three temperatures 
(5, 25 and 40 oC) and with ryegrass, lucerne and bare ground soil, with an optimum 
at 25 oC, and decreasing SMBC at 40 oC. Moisture content influence SMBC, with 
maximum concentration at the pasture soil at 25 oC with a field capacity of 100%, 
decreasing as the moisture content decreased. Friedel et al. (2006) reported that the 
soil moisture affected concentrations of microbial biomass in forest soil, showing an 
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optimum relationship with increasing soil moisture conditions. Nevertheless, the 
effect of temperature and moisture content in temperate weather compared to tropical 
and arid regions is different, as in temperate weather both temperature and moisture 
content do not reach the extreme values than in tropical and arid climate are 
achieved, being more constant during the time and without periods of very low 
moisture content or very high temperatures, and within the range of optimal 
microbial activity.  
 
5.4 Conclusions 
 
The MBC concentration was influenced to a large extent by the background amounts 
present in the soils, in response to the physico-chemical characteristics of the soils, as 
well as the biomass content of the amendments applied to the plots. The effect of 
sludge DS content and application management also influence microbial biomass 
growth. Environmental conditions also had a dynamic influence on the MBC content 
of the soils. Biosolids of different type have a beneficial impact on soil microbial 
biomass. The additions of biosolids increased the microbial biomass contents on the 
soil. The characteristics of these biosolids and the interactions with the soils affected 
as well to the microbial biomass C dynamics. 
 
• The physico-chemical characteristics of each soil provided contrasting 
biological environments for testing the effects of soil ecological conditions. 
• The effect of organic amendment on the SMBC concentrations depended 
upon the microbiological content and substrate availability of the different 
amendments, as well as the background MBC content of the soil.  
• Biosolids amendment increased SMBC concentration, with larger significant 
differences in comparison with the unamended control plots in the soil with 
lower organic matter and therefore lower background SMBC concentration. 
• DMAD and DRAW amendments consistently increased the SMBC 
concentration to a higher extent than other treatments, with significant 
differences compared to the control in both experimental soil types. 
• Amendment with Compost increased SMBC concentration significantly in 
both soil types.  
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• Environmental factors interact with the soil and biosolids characteristics 
influencing on the SMBC concentration dynamics. 
• SMBC concentration increased with increasing values of Soil moisture 
content. 
• Soil temperature effect differed on the different experimental field trials. 
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CHAPTER 6 
 
Influence of Biosolids Type and Application on Soil Protozoa Population 
Dynamics in Two Contrasting Agricultural Field Soils and Under Different 
Temperate Seasonal Conditions 
 
6.1 Introduction 
Soil protozoa are a vital group of microorganisms within the soil microbial 
community that have a major influence on the composition and numbers of bacteria 
populations in soil and the fertility of soil by stimulating mineralisation processes 
and releasing nutrients (Fenchel, 1987; Ekelund and Ronn, 1994; Clarholm, 2005). 
The application of organic matter to agricultural soil increases the diversity and 
abundance of protozoan species (Darbyshire, 1994). The grazing action of protozoa 
on soil bacteria is well known and they may consume 150-900 g of bacteria m-2 year-
1
 (Stout and Heal, 1967). Protozoa are also an important member of the microbial 
community in biological wastewater treatment processes and improve significantly 
the performance and removal of pathogens from treated wastewater by grazing and 
ingesting the bacterial population (Curds, 1969). Therefore protozoa are essential to 
soil ecological processes and they have potentially a significant role in active biotic 
mechanisms responsible for the removal of enteric bacteria from biosolids-amended 
agricultural soils. The quantitative examination of soil protozoa populations and 
activity in soil is difficult and this explains why it has often been a group of 
organisms neglected by microbial ecologists. Difficulties in obtaining precise 
enumeration data and differentiation between active and encysted forms are some of 
the main problems in studying protozoa in microbial ecology investigations. 
Conventional microscopic examination techniques for identifying protozoa are 
highly specialised and laborious and therefore can only be applied to relatively 
limited numbers of samples, which restricts experimental applications for 
investigating detailed population dynamics. In the research reported here, a novel 
molecular fluorescence and counting MPN technique (Darbyshire et al., 1974; 
Ekelund et al., 1999) was adapted to investigate protozoa population dynamics in 
biosolids-amended agricultural soils, and to quantify their potential influence on the 
survival of enteric bacteria applied to soil in sewage sludge.  
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As a component of the soil biota, soil protozoa populations are influenced by biotic 
and abiotic factors such as soil type, geometry of soil pores, organic matter content, 
soil pH, temperature and moisture content, root exudates and distribution of 
microbial food (Stout and Heal, 1967; Clarholm, 1981; Gupta and Germida, 1988; 
Rutherford and Juma, 1992; Ekelund and Ronn, 1994; Costa-Mercado and Lynn, 
2004; Darby et al., 2006). These factors may exert a direct influence on protozoa 
populations or indirectly through effects on the bacteria population, which is an 
important food source for many protozoa. 
 
The main objective of this investigation was to quantify the impacts of different 
organic soil amendments on protozoa populations in arable agricultural soils. This is 
motivated by the need to improve understanding of the ecological role played by soil 
protozoa populations and their interactions with the bacteria populations in soil in the 
fundamental biotic processes controlling enteric pathogen inactivation in sewage 
sludge-amended soil. In conjunction with a related project (Cass, 2009), the overall 
aim was to evaluate the impact of soil protozoa on the decay of pathogenic bacteria 
introduced into biosolids amended agricultural soil. Soil protozoa populations were 
therefore measured in two contrasting agricultural soil types in different seasons with 
the specific aims to: 
 
• Quantify the influence of biosolids application on the soil protozoa 
population dynamics in two contrasting agricultural soils. 
• Determine the environmental factors and variables affecting soil protozoa 
populations. 
• Evaluate the influence of soil protozoa on the decay of enteric bacteria in 
biosolids-amended soil. 
 
6.2 Materials and Methods 
Soil protozoa populations were measured in FT 2, 3 and 4. Full details of the 
techniques used are presented in the General Materials and Methods (Section 4.3.2). 
Details of the experimental design of the field trials are described in Chapter 3 and 
the list of the different experimental treatments used in the establishment of FT 2, 3 
and 4 is shown in Table 6.1. The experimental treatments in field trial 3 and 4 were 
 130 
identical, meanwhile treatments in field trial 2 included amendment from enhanced 
treated biosolids and a protozoa inhibition treatment. 
 
Table 6.1 Experimental treatment matrix for analysis of soil protozoa 
populations in field trial 2, 3 and 4 
 
No FT2 (18/10/05-31/08/06) FT3 (19/04/06-31/08/06)  FT4(26/10/06-7/09/07) 
1 Control  Control  Control  
2 DMAD DMAD DMAD 
3 DRAW DRAW DRAW 
4 Compost DMAD slurry1 DMAD slurry1 
5 Lime cake DRAW slurry DRAW slurry 
6 TDMAD DMAD slurry2 DMAD slurry2 
7 Protozoa inhibition   
8 DMAD+ Protozoa inhibition   
9 DMAD + E. coli  O157   
Control: unamended soil 
DMAD: dewatered mesophilic anaerobically digested biosolids 
DRAW: dewatered raw sludge 
TDMAD: thermally dried mesophilic anaerobically digested biosolids 
DMAD slurry1: DMAD inoculated with enteric pathogens 
DMAD slurry2: DMAD inoculated with bacteriophage MS2 
DRAW slurry: DRAW inoculated with enteric pathogens 
 
6.3 Results 
6.3.1 General Factors Influencing Soil Protozoa Populations 
Table 6.2 shows the statistical significance of the environmental and the 
experimental variables and their interactions on soil protozoa populations for the 
pooled data from the field trials. Multiple regression analysis indicated that there was 
no main effect of soil type or significant interaction between soil type and other 
categorical variables (P>0.05).  This contrasts with the highly statistically significant 
effect of soil type on SMBC concentration reported in Chapter 5 (Figure 5.1). The 
analysis showed that variable Treatment, which accounted for the effect of the 
different biosolids types and soil amendments, had a highly significant effect 
(P<0.01) on soil protozoa population. The environmental variables soil temperature 
and soil moisture content and the interaction of both variables were also highly 
statistically significant in the model (P<0.01) and will be analysed in detail in 
Section 6.3.5. The variable FT also had a significant effect (P<0.05). Comparing the 
proportion of variance explained in the model, with a total r2 value of 23.5%, 
treatment accounted for 15.6% of the total, meanwhile temperature and moisture 
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content accounted for 0.9 and 0.6% respectively. The percentage explained in the 
interaction between the environmental variables was of 0.8%. Field trial variable 
explained 0.7% of the total variable, and the interaction with treatment and field trial 
accounted for 1.6%. This emphasised the important effect of treatment in soil 
protozoa populations, and therefore, further analysis based on the particular 
treatments are shown in Sections 6.3.2 and 6.3.3. 
 
Table 6.2 Multiple regression analysis testing the effect of environmental and 
experimental variables on soil protozoa populations for pooled data from the 
field trials (FT 2, 3 and 4) 
 
Source Df F P value % Variance 
explained 
Corrected Model 34 16.69 <0.001 25.0 
Intercept 1 50.74 <0.001 2.9 
Treatment (biosolids type) 7 45.02 <0.001 15.6 
Field trial 2 6.04 0.002 0.7 
Soil type 1 0.31 0.577  
Time 1 0.61 0.435  
Temperature 1 15.64 <0.001 0.9 
Moisture content 1 10.77 <0.001 0.6 
Treatment * Field trial 4 6.77 <0.001 1.6 
Soil type * Treatment  7 1.06 0.389  
Soil type * Field trial 2 1.62 0.198  
Temperature * Time  1 10.57 <0.001 0.6 
Moisture content * Time 1 2.72 0.099  
Moisture content * Temperature 1 12.91 <0.001 0.8 
Soil type * Treatment * Field trial 4 0.18 0.947  
Moisture content * Temp * Time 1 13.30 <0.001 0.8 
 
6.3.2 Unamended Control Soil 
Mean values for soil protozoa populations in FT2, 3 and 4 for the unamended control 
plots for both experimental soils, and the overall mean values for pooled data from 
all the field experiments are shown in Figure 6.1. Soil protozoa numbers in the silty 
clay soil from North Sidelands were consistently, albeit only marginally larger 
(overall mean value 3.34 log10 g-1 ds) compared to the sandy silt loam (3.29 log10 g-1 
ds) collected from Brices Field in all of the experimental field trials. However, the 
difference in mean protozoa populations in the experimental soils was not 
statistically significant (P>0.05). Consequently, there was no apparent impact of the 
contrasting physico-chemical characteristics of the two soil types tested on the size 
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of the soil protozoa population. This is in contrast to the significant effects of soil 
type observed on the SMBC dynamics reported in Chapter 5 (Figure 5.1). 
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Figure 6.1 Mean protozoa numbers in unamended control soil for each 
experimental soil type and series of field experiments (FT 2, 3 and 4), and the 
overall mean value for all field experiments for each soil type. Error bars 
represent the standard deviation 
 
Details of the statistical analysis of the data are presented in Table 6.3 and the 
dynamics in soil protozoa populations in unamended control plots in relation to time 
over the experimental monitoring periods are shown in Figure 6.2. The results show 
the consistent similarities in protozoa between the soils with time and no significant 
differences (P>0.05) between soil protozoa populations in FT2 and FT3 were 
detected by ANOVA for each individual soil type or for pooled data for both soil 
types. However, the protozoa population in FT4 was significantly (P<0.05) smaller 
compared to FT2 and FT3 for both soil types albeit, only by a small amount (≈0.2 
log10 g-1 ds). Thus, average protozoa numbers in FT2 and FT3 were 3.59 and 3.56 
log10 g-1 ds in North Sidelands and 3.52 and 3.48 log10 g-1 ds in Brices, respectively, 
and were reduced to 3.34 log10 g-1 ds and 3.29 log10 g-1 ds in these soil types, 
respectively, in FT4.  
 
Protozoa numbers on Day 0 for each FT were generally in the range 3.5-4 log10 g-1 ds 
with similar values for both soil types, except for FT3, where the population in soil 
from Brices Field was smaller at 3.3 log10 g-1 ds. In the following 40-50 days, 
although the measured populations in FT 2 and 3 were highly dynamic they remained 
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in the range 3.5-4.2 log10 g-1 ds, except for the protozoa population on Day 34 in 
FT2, where numbers decreased to approximately 3.0 log10 g-1 ds. Maximum numbers 
were obtained in FT3 during this initial monitoring period and were equivalent to 4.2 
log10 g-1 ds on Day 13 and 26 in both soil types. After the initial 40-50 day period, 
protozoa numbers were generally in the range 3.5-4 log10 g-1 ds in FT2 and FT3. 
Protozoa numbers declined to 3.0 log10 g-1 ds by Day 293, but they recovered to 3.5 
log10 g-1 ds on the final sampling event on Day 317 in FT2. In FT3, the population 
decreased after the initial 40-50 days and remained in the range 3.0-3.9 log10 g-1 ds 
until the end of the experimental monitoring.  After the initial 50 day period, the 
numbers and range were consistently significantly (P<0.05) smaller in FT4 (Figure 
6.2.c) compared to FT2 and 3, which were similar as summarised in Figure 6.1. 
Presumably the differences would be a consequence of seasonal factors influencing 
protozoa between the different trials, as they were conducted at different times.  
 
Table 6.3 ANOVA showing the statistical significance (P value) between 
protozoa numbers in the field trials for each soil type and for the pooled data 
for both soil types using two comparison tests (Tamhane and Tukey) 
 
FT 2 3 4 FT 2 3 4 FT 2 3 4
2 0.969 <0.001 2 0.936 0.005 2 0.881 <0.001
3 0.899 0.006 3 0.846 0.050 3 0.760 <0.001
4 <0.001 0.004 4 0.007 0.039 4 <0.001 <0.001Tu
ke
y
Tu
ke
y
Tu
ke
y
Tamhane Tamhane
Brices Pooled data
Tamhane
North Sidelands
 
6.3.3 Organic Amendments  
6.3.3.1 General Response 
All of the organic amendments supplied to both soil types significantly (P<0.05) 
increased the size of the overall mean soil protozoa population in the field 
experiments compared to the unamended control plots (Figure 6.3). As was the case 
for the unamended soils, there were no consistent differences in protozoa numbers 
between the amended soil types. In some cases, protozoa populations were larger for 
amended North Sidelands soil compared to soil from Brices Field (eg. DRAW, 
Compost and Lime cake amended treatments) but the mean values were not 
significantly different (P>0.05). 
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a) Field Trial 2 (FT2, 18/10/2005-31/08/06) 
 
 
 
 
 
 
 
 
 
b) Field Trial 3 (FT3, 19/04/2006-31/08/2006) 
 
 
 
 
 
 
 
 
c) Field Trial 4 (FT4, 26/10/06-7/09/2007) 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 Protozoa population dynamics in relation to time in unamended 
control plots in three series of field experiments (a) FT2, (b) FT3 and (c) FT4 on 
two contrasting soil types (North Sidelands- silty clay: Brices Field- sandy silt 
loam) 
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Figure 6.3 Effect of different soil amendments on overall mean soil protozoa numbers compared to unamended control plots in a series 
of three field experiments on two contrasting soil types (North Sidelands-silty clay; Brices Field -sandy silt loam).  Control: unamended 
soil; DMAD: dewatered mesophilic anaerobically digested biosolids; DRAW: dewatered raw sludge; TDMAD: thermally dried 
mesophilic anaerobically digested biosolids; DMAD slurry1: DMAD inoculated with enteric pathogens; DMAD slurry2: DMAD 
inoculated with bacteriophage MS2; DRAW slurry: DRAW inoculated with enteric pathogens. 
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Soil protozoa graze on bacteria, therefore the extent of the population response to 
the different soil amendments may depend on the biomass content and effect of 
substrate inputs to the soil in a particular manure on the growth and size of the 
bacteria population available to protozoa as a food source. As discussed in 
Chapter 5, the effects of the organic amendments on the size of the microbial 
biomass depended upon the microbiological content and substrate availability in 
the different soil amendments. The largest increases in soil protozoa numbers 
were measured following application of DRAW and DMAD, and numbers rose 
by 0.3-0.7 log10 g-1 ds and 0.5-0.6 log10 g-1 ds for these soil amendments 
respectively, compared to the unamended controls for both soil types, and in FT3 
and 4, the response after DRAW application was higher than for DMAD. These 
responses in protozoa numbers were entirely consistent with the increased 
concentrations of SMBC obtained in soils amended with these sludge types, 
which also increased the SMBC content to the largest extent compared to the 
other soil amendments examined. 
 
6.3.3.2 Dewatered Mesophilic Digested Biosolids (DMAD) 
The application of DMAD consistently increased the size of the overall mean 
protozoa population to the same extent in both soil types in all the FT 
experiments. Indeed no significant difference (P>0.05) in protozoa numbers in 
DMAD-amended soil was detected between any of the field experiments (Table 
6.4). Temporal trends in protozoa population dynamics following the application 
of DMAD are shown in Figures 6.4 to 6.6. In FT2, protozoa numbers were 
measured in DMAD cake plots for 317 days and the DMAD slurry inoculated 
treatments were investigated for 120 days. Protozoa numbers increased in 
biosolids-amended soil in FT2 by 0.5-1.0log10 g-1 ds to approximately 4.2-4.6 
log10 g-1 ds in both soil types compared to the unamended control values. 
 
Following the initial increase, numbers declined on Day 34 in both soil types to a 
value of approximately 3.0-3.5 log10 g-1 ds. The smallest numbers of protozoa in 
all the experimental treatments, including the control, were measured on Day 34 
of the experiment. This could be associated with changes in temperature during 
the same period (Figure 4.5, Chapter 4). In FT2, soil temperatures were in the 
range 10-15 oC from Day 0 until Day 14. However, after Day 14, the soil 
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temperature decreased to approximately 5 oC until the end of the monitoring 
period in both soil types, and the decrease in soil protozoa numbers may 
therefore correspond with cooler soil conditions during this period. After a short 
period of adaptation, protozoa population recovered with values of 
approximately 4.0-4.5 log10 g-1 ds in both soil types. The results showed that the 
population was consistently larger for the inoculation treatment receiving DMAD 
in slurry form compared to the cake amended soil. However, statistical analysis 
showed there was no significant difference (P>0.05) between protozoa numbers 
measured in the DMAD cake and in the slurry amended plots for both soil types. 
After this initial 40-50 day period, where dynamic changes in protozoa 
populations were observed, protozoa numbers increased and stabilised and were 
consistently 0.5-1.0 log10 g-1 ds greater in DMAD-amended soil compared to 
control values. After Day 34, the average population size in North Sidelands soil 
amended with DMAD was 4 log10 g-1 ds (except for Day 293, when it decreased 
to 3.1 log10 g-1 ds). The population in soil from Brices Field was typically 
approximately 3.7 log10 g-1 ds, but after Day 34 increased to maximum values of 
4.5 log10 g-1 ds on Day 62 and 230, and the final value measured on Day 317 of 
the experiment was 4.3 log10 g-1 ds. 
 
Table 6.4 ANOVA showing the statistical significance (P value) between 
protozoa numbers in DMAD-amended soil in the field trials for each soil 
type and for the pooled data for both soil types using two comparison tests 
(Tamhane and Tukey) 
 
FT 2 3 4 2 3 4 2 3 4
2 1.000 0.646 0.099 0.194 0.269 0.116
3 1.000 0.700 0.076 0.954 0.229 0.987
4 0.559 0.551 0.182 0.881 0.111 0.948
Pooled data
Tamhane Tamhane Tamhane
Tu
ke
y
North Sidelands Brices
 
 
In FT3, DMAD addition increased the numbers of protozoa measured in soil 
compared to the initial  background values to approximately 3.5-4 log10 g-1 ds in 
North Sidelands (clay) and 3.0-3.5 log10 g-1 ds in Brices Field (clay loam). The 
populations responded rapidly to DMAD application in both soil types and 
increased markedly in the initial 5-20 day period after sludge incorporation. 
However, the magnitude of the response varied distinctively depending on the 
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form of DMAD applied. Thus, numbers increased more rapidly with applied 
DMAD slurry in the inoculation treatments, compared to DMAD cake. For 
example protozoa numbers increased by 0.5-0.7 log10 g-1 ds to 4-4.5 log10 g-1 ds 
within 5 days in the slurry amended treatments, whereas numbers only increased 
to this extent by Day 26 for conventional DMAD cake. After this period, values 
decreased to 3.5-4.0 log10 g-1 ds on Day 41 and remained consistently within this 
range until the end of the monitoring period. 
 
Soil protozoa populations increased rapidly from background and control values 
in FT4 following DMAD application to both soil types. On Day 8 the 
populations had increased to average values of 4.0 and 5.0 log10 g-1 ds for North 
Sidelands (clay) and Brices (clay loam), respectively. The population response to 
the different forms of DMAD applied was consistent with the previous field 
experiments. Thus, numbers increased to a larger extent and more rapidly in both 
soil types amended with DMAD slurry in the inoculation treatments compared to 
DMAD cake. For example, maximum protozoa numbers were equivalent to 4.7 
log10 g-1 ds on Day15 in North Sidelands soil amended with DMAD slurry, 
whereas numbers reached the highest level with DMAD cake after 32 days for 
this soil type. 
 
In Brices soil, all DMAD treatments reached maximum values on Day 15 of the 
experiment, but soil receiving DMAD slurry contained approximately 0.5 log10 g-
1
 ds more protozoa (5.2 log10 g-1 ds) compared to DMAD cake (4.7 log10 g-1 ds). 
Following these initial increases, values declined from Day 50 to approximately 
3.5-4.0 log10 g-1 ds in both soil types and generally remained within this range for 
the remainder of the experimental period, except for Day 194 when the 
populations decreased to below 3.5 log10 g-1 ds. During this period of relatively 
stable soil protozoa populations, numbers were typically 0.5-1.0 log10 g-1 ds 
larger in DMAD-amended compared to control soil and were independent of the 
form of DMAD applied.  
 
 
 
 
 139 
 
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
0 50 100 150 200 250 300 350
Time (days)
Pr
o
to
z
o
a
 
(lo
g 1
0 
g-
1 
ds
)
 
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
0 50 100 150 200 250 300 350
Time (days)
Pr
o
to
z
o
a
 
(lo
g 1
0 
g-
1 
ds
)
Control DMAD DMAD+E.coliO157
a) North Sidelands (silty clay) 
 
 
 
 
 
 
 
 
 
 
 
b) Brices Field (sandy silt loam) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 Soil protozoa population dynamics in relation to time following 
application of DMAD (dewatered anaerobically digested biosolids) and 
inoculated treatments (DMAD+E. coli O157) to two contrasting soil types (a) 
North Sidelands-silty clay, and (b) Brices Field-sandy silt loam, compared to 
the unamended control in Field Trial 2 (18/10/05-31/08/2006). Symbols 
represent individual replicates for each treatment and the lines are mean 
values. 
 
 
 
 
 140 
 
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
0 20 40 60 80 100 120 140
Time (days)
Pr
o
to
z
o
a
 
(lo
g 1
0 
g-
1  
ds
)
 
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
0 20 40 60 80 100 120 140
Time (days)
Pr
o
to
z
o
a
 
(lo
g 1
0 
g-
1  
ds
)
 
Control DMAD DMAD slurry1 DMAD slurry2
a) North Sidelands (clay) 
 
 
 
 
 
 
 
 
 
 
 
 
b) Brices Field (clay loam) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 Soil protozoa population dynamics in relation to time following 
application of DMAD (dewatered anaerobically digested biosolids) and 
inoculated treatments (DMAD slurry1 and DMAD slurry2) to two 
contrasting soil types (a) North Sidelands- clay, and (b) Brices Field-clay 
loam, compared to the unamended control in Field Trial 3 (19/04/06-
31/08/2006). Symbols represent individual replicates for each treatment and 
the lines are mean values 
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Figure 6.6 Soil protozoa population dynamics in relation to time following 
application of DMAD (dewatered anaerobically digested biosolids) and 
inoculated treatments (DMAD slurry1 and DMAD slurry2) to two 
contrasting soil types (a) North Sidelands- clay, and (b) Brices Field-clay 
loam, compared to the unamended control in Field Trial 4 (26/10/06-
07/09/2007). Symbols represent individual replicates for each treatment and 
the lines are mean values 
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6.3.3.3 Dewatered Raw Sludge (DRAW) 
ANOVA comparing the protozoa populations in DRAW-amended soil in FT2, 3 and 
4 for each soil type and for the pooled data for both soil types is shown in Table 6.5. 
This analysis supported the information presented in Figure 6.3 (Section 6.3.3.1) on 
the effects of soil treatments on the overall mean soil protozoa population for each 
field trial. Together, this data showed that mean numbers of protozoa in DRAW-
amended soil in FT2 were significantly (P<0.05) smaller compared to the 
populations measured in FT3 and 4 in North Sidelands and compared to FT3 for 
Brices soil. As would be expected, the pooled population data for North Sidelands 
and Brices sites also showed a similar overall trend in protozoa numbers.  
 
Table 6.5 ANOVA showing the statistical significance (P value) between 
protozoa numbers analysis in the field trials for each soil type and for the 
pooled data for both soil types in DRAW-amended soil, using two comparison 
test (Tamhane and Tukey) 
 
North Sidelands Brices Field Pooled data 
  Tamhane Tamhane Tamhane 
  FT 2 3 4 2 3 4 2 3 4 
2  0.001 0.007  0.047 0.152  <0.001 0.002 
3 0.003  0.703 0.041  0.717 <0.001  0.440 
Tu
ke
y 
4 0.028 0.548  0.218 0.564  0.009 0.311  
 
 
Protozoa populations were significantly (P<0.05) increased by DRAW application in 
both soil types compared to the unamended controls. There was no statistically 
significant difference (P>0.05) for the protozoa populations in any of the field trials 
examined between the two soil types examined as shown in Figure 6.3 (Section 
6.3.3.1).  
 
Dewatered sludge cake increased numbers by approximately 0.5-0.6 log10 g-1 ds, 
relative to control values (3.5 log10 g-1 ds) and in slurry form the increase was larger 
and equivalent to 0.7-0.8 log10 g-1 ds, relative to the control. Table 6.6 shows the 
ANOVA results testing the form of DRAW application on protozoa numbers. There 
was no statistically significant difference (P>0.05) of sludge form in FT3 for both 
soil types. However, the increase after amendment with the DRAW in the slurry 
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form was significantly (P<0.05) larger compared to the protozoa populations 
receiving DRAW cake application in soil from Brices Field in FT4. 
 
Table 6.6 ANOVA showing the statistical significance (P value) between 
protozoa numbers in DRAW slurry and DRAW cake-amended soil in Field 
Trial 3 and 4 for each soil type using two comparison tests (Tamhane and 
Tukey) 
 
  
  North Sidelands Brices Field 
Tukey 0.264 0.309 
FT
3 
Tamhane 0.592 0.664 
Tukey 0.051 0.046 
FT
4 
Tamhane 0.101 0.014 
 
 
Figures 6.7-6.9 present the soil protozoa population dynamics in DRAW-amended 
soil for the monitoring period for the individual field experiments considered. In 
general, protozoa populations in relation to time in plots treated with DRAW 
followed a similar trend to the unamended control plots, but being consistently 0.5-
1.0 log10 g-1 ds greater. 
 
In FT2 protozoa populations increased after addition of DRAW Day 8 up to 4.1 and 
4.4 log10 g-1 ds in North Sidelands and Brices soil, respectively, an increase relative 
to the control of approximately 0.6 log10 g-1 ds. Subsequently, protozoa numbers 
decreased until approximately Day 50 to 3.5 log10 g-1 ds in both soil types. 
Nevertheless, protozoa numbers remained approximately 0.3-0.5 log10 g-1 ds above 
control values and this difference in numbers was maintained for the duration of the 
experiment in both soil types. 
 
In FT3, the initial protozoa populations in DRAW-amended soil were equivalent to 
control values in both soil types. However concentrations increased with sludge 
application and were 0.7 log10 g-1 ds above control values on Day 13. For the 
remaining period of the experiment, protozoa populations were highly dynamic and 
were in the range of 3.5-4.7 log10 g-1 ds in North Sidelands soil. In Brices soil, the 
populations increased to 5.5 log10 g-1 ds on Day 34, but subsequently decreased to the 
range 3.5-4.5 log10 g-1 ds for the remaining experimental period.  
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b) Brices Field (sandy silt loam) 
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Figure 6.7 Soil protozoa population dynamics in relation to time following 
application of DRAW to two contrasting soil types (a) North Sidelands-silty 
clay, and (b) Brices Field-sandy silt loam, compared to the unamended control 
in Field Trial 2 (18/10/05-31/08/2006). Symbols represent individual replicates 
for each treatment and the lines are mean values. 
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b) Brices Field (clay loam) 
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Figure 6.8 Soil protozoa population dynamics in relation to time following 
application of DRAW and DRAW inoculated treatment (DRAW+Inoc) to two 
contrasting soil types (a) North Sidelands- clay, and (b) Brices Field-clay loam, 
compared to the unamended control in Field Trial 3 (19/04/06-31/08/2006). 
Symbols represent individual replicates for each treatment and the lines are 
mean values 
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b) Brices Field (clay loam) 
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Figure 6.9 Soil protozoa population dynamics in relation to time following 
application of DRAW and DRAW inoculated treatment (DRAW+Inoc) to two 
contrasting soil types (a) North Sidelands- clay, and (b) Brices Field-clay loam, 
compared to the unamended control in Field Trial 4 (26/10/06-07/09/2007). 
Symbols represent individual replicates for each treatment and the lines are 
mean values 
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 147 
However, protozoa numbers were significantly increased (P<0.05) and were 
approximately 0.5-1.0 log10 g-1 ds larger than the control values during this period. 
The inoculated DRAW treatment was applied as slurry and in this form the sludge 
gave a moderately larger response compared to DRAW cake, and this was 
particularly evident during the initial 40 day period after application. During this 
phase of the experiment the increase in protozoa numbers relative to control values 
was in the range 0.3-0.5 log10 g-1 ds in North Sidelands soil and 0.5-1.0 log10 g-1 ds 
for soil from Brices Field. However, after Day 34 there was no statistically 
significant (P>0.05) effect of the form of DRAW application on protozoa numbers in 
either soil type, and protozoa numbers in soil amended with both DRAW forms were 
consistently 0.5-1.0 log10 g-1 ds larger than control values irrespective of the physical 
condition of the applied DRAW sludge. 
 
A similar pattern was observed in FT4. Protozoa numbers rapidly increased from 
background control values (≈3.5 log10 g-1 ds) to 4.5-5.0 log10 g-1 ds by Day 8 after 
DRAW application and remained at this level and 0.6-1 log10 g-1 ds above 
unamended control soil for both soil types until Day 50. After this initial growth 
response, protozoa populations generally declined to 4.0-4.3 log10 g-1 ds in North 
Sidelands soil and 3.8-4.5 log10 g-1 ds in soil from Brices Field, and were generally 
maintained at these levels until the end of the monitoring period. Supplying DRAW 
in slurry  form significantly (P<0.05) increased protozoa numbers by approximately 
0.5 log10 g-1 ds in North Sidelands soil, and between 0.5-1.0log10 g-1 ds in soil from 
Brices, compared to cake application. 
 
6.3.3.4 Enhanced Treated Biosolids 
The effect of the addition of enhanced treated products on soil protozoa populations 
for both soil types is shown in Figure 6.10. Enhanced treated biosolids addition to 
agricultural soil in FT2 followed a similar trend for the three treatments investigated 
(TDMAD, Lime cake and Composted sludge). In general, the addition of enhanced 
treated biosolids significantly (P<0.05) increased protozoa numbers compared to the 
unamended control soils for both soil types for all the treatments. Although the 
increase after Compost addition in Brices soil was not significant compared to the 
control, when considering the overall populations for the two soil types together the 
increase in protozoa numbers for Compost application was significant (P<0.05) 
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control compost Lime cake TDMAD
compared to the unamended control soils. No statistically significant (P>0.05) 
difference in protozoa numbers were detected by ANOVA between the two soil 
types for any of these soil treatments. 
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Figure 6.10 Soil protozoa population in soil from (a) North Sidelands-silty clay 
and (b) Brices Field-sandy clay loam, amended with enhanced treated biosolids 
(TDMAD, Lime cake and Compost) compared with the unamended control soil 
in FT2. Symbols represent experimental replicates and the lines represent the 
mean number.  
 
Protozoa population dynamics in the first 41 days of the experiment were similar to 
those observed with DMAD, and the average increase in numbers relative to the 
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control was 0.3-0.4 log10 g-1ds in both soil types. After this time the magnitude of the 
difference between enhanced treated biosolids amended soil and unamended soil 
generally decreased to an average increase of 0.1-0.3 log10 g-1ds compared to the 
control values. 
 
6.3.4 Protozoa inhibitor 
In FT2 additional unamended plots and plots receiving DMAD were treated with a 
protozoa inhibitor, thiram, as described in Section 4.4.2. The purpose was to 
investigate bacteria population dynamics in absence of protozoa. The results for the 
overall population compared to unamended control and DMAD amended soil are 
presented in Figure 6.11.  
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Figure 6.11 Overall mean soil protozoa populations for each experimental soil 
type after application of inhibitor and DMAD+inhibitor, compared to 
unamended control plots and DMAD-amended plots in FT2. Error bars 
represent the standard deviation 
 
The overall protozoa population in plots treated with inhibitor were comparable and 
not statistically significant (P>0.05) to control values in both soil types. Plots treated 
with DMAD and inhibitor showed no significant difference (P>0.05) with the 
populations in plots treated with DMAD alone. Consequently, the inhibitor treatment 
was not effective at reducing protozoa populations in soil and the data from these 
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experimental treatments provided additional replicate evidence on protozoa 
behaviour in soil and soil amended with DMAD. 
 
6.3.5 Effect of Environmental Variables on Soil Protozoa Populations 
The statistical analysis to evaluate the influence of the environmental and 
experimental variables presented in Table 6.2 in Section 6.3.1 showed that both soil 
moisture content and soil temperature had a highly significant influence (P<0.001) 
on the overall soil protozoa population, but the percentage of variance explained by 
these variables in the model was small. Thus, soil moisture content and soil 
temperature explained 0.6 and 0.9% of the total variance, respectively. The 
interaction between both environmental variables was also highly significant 
(P<0.001) in the model and explained 0.8% of the total variance. As explained in 
Section 6.3.1, the variable Treatment, which accounted for the effect of the different 
biosolids types and soil amendments, was the most important in the model, 
explaining 15.6% of the total variance.  
 
Taking this into account, and considering that there was no significant difference 
(P>0.05) in soil protozoa populations between both soil types, Table 6.7 shows the 
regression model for the influence of environmental variables for the pooled data 
from both soil types from all the experimental field trials for soil protozoa 
populations in unamended control soil and in soil amended with DMAD and DRAW 
relative to soil temperature and moisture content. Data for soil protozoa populations 
were also pooled for both DMAD and DRAW treatments, as there was no significant 
difference (P>0.05) between protozoa numbers for the two treatments when the 
overall results from all the field trials were examined.  
 
The regression analysis for both environmental variables showed that soil moisture 
content was the only statistically significant variable (P<0.05) influencing soil 
protozoa populations in both unamended control and amended soil. Figure 6.12 
shows the linear regression analysis between soil protozoa populations in unamended 
control and amended soil (DMAD+DRAW) in relation to the soil moisture content. 
Although soil moisture content was statistically significant when considering both 
environmental variables, the model for the unamended control soil showed no 
statistically significant effect (P>0.05) in relation to soil moisture content when this 
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was considered as a single environmental variable. However, the linear regression 
analysis showed that increasing soil moisture content positively influenced protozoa 
numbers in soils amended with DMAD and DRAW. However, the r2 value in both 
regression analysis was very low for both the unamended control and sludge-
amended soil (0.01 and 0.02, respectively). Therefore, these key environmental 
variables have only a marginal influence overall on protozoa numbers in temperate 
arable field soil.  
 
Table 6.7 Regression model analysing the influence of environmental variables 
on soil protozoa populations in unamended control soil and in sludge amended 
soil (pooled data for DMAD and DRAW treatments for FT2, 3 and 4)  
 
Treatment Model B 
Std. 
Error T Sig. F r2 
Control (Constant) 3.09 0.18 17.15 <0.001 2.23 0.01 
 Temperature 0.01 0.01 1.40 0.162   
 Moisture content 0.01 0.01 2.11 0.036   
DMAD+DRAW (Constant) 3.51 0.12 28.53 <0.001 13.43 0.02 
 Temperature 0.01 0.01 1.57 0.116   
 Moisture content 0.02 0.01 4.92 <0.001   
 
6.3.6 Influence of Soil Protozoa on the Decay of Enteric Bacteria  
The application of biosolids to agricultural soil increased the protozoa populations 
compared to the unamended control soil. This could have an important influence on 
the decay of enteric pathogens added to soil in biosolids due to the grazing activity of 
soil protozoa on bacterial populations. To determine the influence of soil protozoa on 
the decay of enteric pathogens present in biosolids-amended soil, protozoa 
populations were compared to the populations of the indicator bacteria Escherichia 
coli, measured in the same field experiments and provided by Rogers and Smith 
(2007). Table 6.8 presents a multiple regression linear model of soil protozoa 
populations in sludge-amended soils (pooled data for DMAD and DRAW treatments 
in FT2, 3 and 4) in relation to the experimental, environmental and soil variables. 
Overall the multiple regression model explained 13% of the total variance in the 
experimental data and was highly significant (P<0.001). E. coli numbers had a 
significant (P<0.001) influence on soil protozoa in the multiple regression model, 
accounting for 4% of the total variance in the data. The environmental variables (soil 
temperature and moisture) and their interaction with E. coli also had a significant 
effect on protozoa numbers. 
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Figure 6.12 Linear regression analysis for the soil protozoa populations in a) 
unamended control soil and b) sludge amended soil (pooled data for DMAD and 
DRAW treatments for FT2, 3 and 4) in relation to soil moisture content 
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Table 6.8 Multiple regression linear model to test the influence of E. coli 
populations, SMBC and environmental and experimental variables on soil 
protozoa populations in sludge-amended soil (pooled data for DMAD and 
DRAW treatments in FT2, 3 and 4)  
 
Source Df F P value % Variance 
explained 
Corrected Model 2.73 10.09 <0.001 0.13 
Intercept 0.00 0.02 0.895  
Soil type 0.28 1.02 0.314  
Field trial  0.22 0.80 0.450  
TIME  3.98 14.71 <0.001 0.02 
Moisture content  9.54 35.25 <0.001 0.04 
Temperature  4.18 15.46 <0.001 0.02 
E. coli 7.73 28.57 <0.001 0.03 
Field trial * Soil type  0.33 1.22 0.296  
Moisture content * Temperature 0.46 1.69 0.194  
Moisture content * E. coli 6.34 23.42 <0.001 0.03 
Temperature * E. coli 3.37 12.46 <0.001 0.02 
 
No statistically significant (P>0.05) relationship between E. coli and protozoa 
numbers was detected by linear regression analysis for unamended control soil. 
However, in DMAD and DRAW-amended soil protozoa population were 
significantly increased with increasing E. coli numbers (P<0.05) although r2 values 
were small (5-6%) (Figure 6.13). Nevertheless, this indicated that soil protozoa 
numbers were raised with increasing soil bacterial population. This evidence 
therefore supported the view that the grazing activity of soil protozoa can be 
important in regulating the decay of enteric bacteria in biosolids-amended 
agricultural soil. Therefore, the addition of substrate resources, including viable 
bacterial cells, to soil in sludge increased soil protozoa numbers. 
 
6.4 Discussion 
Biosolids amendment significantly increased soil protozoa numbers in all the field 
trials compared to the unamended control soils by 0.5-1.0 log10 g-1 ds irrespective of 
soil type or seasonal factors. Protozoa numbers increased in response to inputs of 
available substrates and biomass in sludge, which was consistent with previous 
investigations. For example, Singh (1949) found that numbers of amoebae were 
greater in two manured plots compared to unmanured soil. Forge et al. (2005), 
investigating the responses of soil protozoa to applications of manure slurry to soil, 
reported the increase in microbial production in amended soil stimulated protozoan 
populations.  
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Figure 6.13 Regression analysis for the soil protozoa population compared to 
the populations of E. coli for both soils in a) DMAD and b) DRAW amended 
plots 
 
In general, protozoa populations showed similar pattern of response after the addition 
of organic amendments to soil, and increased rapidly from background numbers in 
the first few days after application. These results are in agreement with those 
reported by Ronn et al. (1996) where, in a study analysing the protozoa populations 
on decomposing barley roots, a rapid increase in microbial activity was observed 
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following root addition, which peaked on day 4, followed by a peak in protozoa 
numbers after 2 weeks. This was also in accordance with Opperman et al. (1989) 
who showed protozoa populations reached maximum numbers 13-16 days after the 
application of cattle slurry to sandy soil. The delay in the increase in protozoa 
numbers after the addition of different types of organic amendments to soil is 
explained as a consequence of the successional patterns in the microbial food web 
develop from microorganisms to protozoa and other predators. The addition of 
organic amendments introduces large numbers of viable and dead bacteria, along 
with readily utilizable energy sources. Under natural conditions, the soil microbial 
biomass utilises any available substrate, and the presence of larger bacterial 
populations, whether introduced directly with the amendment or indirectly by rapid 
multiplication of the soil microorganisms, provides potential food for organisms that 
graze on bacteria such as protozoa (Opperman et al., 1989).    
 
The increase in protozoa populations after the initial phase of each field experiment 
was maintained for approximately 40-50 days after the addition of the organic 
amendment, followed by a decline in numbers. The increase in protozoa numbers in 
the early stages of the experimental field trials, after the addition of organic 
amendments, can be explained because under field conditions a very large proportion 
of protozoa are encysted most of the time in soil and only after the addition of fresh 
organic matter are protozoa present in the active form. During this active phase, 
protozoa take advantage of the available substrates and numbers of the different 
groups of soil protozoa increase by multiplication (Ekelund and Ronn, 1994). 
Another explanation for the large rapid increase in numbers of protozoa after sludge 
application is the possibility of the direct transfer of protozoa present in the sludge to 
soil, as they are a very important group of microorganisms present in biological 
wastewater treatment (Curds, 1973). The decline in protozoa numbers after the 40-50 
days period is probably explained by the depletion of available food resources due to 
grazing by increasing populations of protozoa. Clarholm (1981) observed a transient 
increase in numbers of protozoa in pine forest soil after a rainfall event; the amoebae 
population reached maximum value of 6 log10 g-1 ds after 5 days before returning to 
the original value of 5 log10 g-1 ds shortly afterwards. However, although bacteria 
populations decline after the initial increase in protozoa numbers due to grazing 
activity, the bacteria numbers in soil are sufficient to maintain protozoa to graze. 
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Therefore, another reason for the decline in protozoa after the initial period of 
increase could be an internal population regulation depending on the protozoa 
density. For example, Ekelund et al. (2002) observed a density-dependent 
mechanism operated regulating the numbers of bacteria and protozoa populations in 
wheat-amended soil. A rapid increase in the bacteria population was measured in the 
first 2 days after application, followed by a decline until Day 10, as the protozoa 
population increased. After Day 10, the protozoa population also decreased reducing 
the grazing rate and, thus, bacteria populations subsequently increased to a level 
sufficient to ensure maximal protozoan growth. Therefore, Ekelund et al. (2002) 
suggested that, under optimal conditions, a large proportion of protozoa will be 
encysted, so this process was controlled by a density-dependent mechanism. 
 
In the work reported here protozoa populations in sludge-amended plots were 
consistently larger than those measured in unamended control soils throughout the 
experimental monitoring periods of up to 300 days after application.  which may 
indicate that application of biosolids to agricultural soil have a “memory effect” with 
increased protozoa populations even 300 days after initial application. Opperman et 
al. (1989) reported similar dynamics in protozoa populations to these showed here in 
soil amended with cattle slurry. After initial fluctuations total protozoa numbers 
remained significantly higher with cattle slurry application compared to unamended 
soils for up to 135 days. The long-term effects of substrate addition on soil protozoa 
populations were also reported by Forge et al. (2005) in soils amended with repeated 
application of manure slurry. Cumulative effects of manure application enhanced 
microbial production and increased protozoa populations in soil for at least two 
growing seasons after application cease. 
 
Multiple regression analysis showed that biosolids addition was the most significant 
variable influencing soil protozoa populations in soil (Table 6.2, Section 6.3.1). No 
statistically significant difference (P>0.05) was detected between overall protozoa 
populations in soils amended with DRAW and DMAD. However, protozoa numbers 
were consistently increased to a greater extent in DRAW-amended soil compared 
with DMAD. This response may be explained due to greater availability of substrates 
supplied in the unstabilised sludge type. Griffiths et al. (1998) investigated the effect 
of cattle and pig slurry to soil addition on soil protozoa populations and showed that 
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numbers increased more rapidly after the application of pig slurry than cow slurry 
because of the greater proportion of readily-available C in pig waste. The response to 
DMAD and DRAW addition also increased when these sludge types were applied in 
slurry form. When applied to agricultural soil, dewatered sludge is distributed in 
lumps which disintegrate in the soil over time. In slurry form there was a more 
intimate mixing of the sludge into the soil was possible, thus increasing the 
accessibility of nutrient resources to the soil microbial population compared to 
applying dewatered sludge cake. 
 
The protozoa inhibitor treatment was designed to reduce predator numbers to 
determine the influence of protozoa on enteric pathogen decay kinetics under field 
conditions. For instance, several authors (Chao and Alexander, 1981; Mallory et al., 
1983; Ekelund, 1999) report increased pathogen survival in laboratory studies when 
predation activity is suppressed by selective chemical inhibition. Thiram was 
selected as a practicable inhibitor suitable for field application; however, under field 
conditions thiram had limited effectiveness presumably due to dilution effects in the 
soil reducing the concentration to below an effective value. However, the inhibition 
of protozoa in field soils involves some difficulties. One of the main problems is that 
biocides used for selection also affect other groups of soil microorganism, therefore 
masking the main purpose of the inhibition. Most studies involving the addition of a 
biocide to inhibit protozoa populations have occurred under laboratory incubations 
where the experimental conditions can be more carefully controlled. Another issue is 
that, in the field, the inhibitors may only have a short-term transient effect after the 
application. For example, Petz and Foissner, (1989) reported that the fungicide had 
no pronounced acute or long-term effects on absolute numbers of protozoa. 
However, the insecticide addition was acutely toxic and reduced protozoa numbers.  
 
In contrast to the SMBC concentrations results which varied considerably in the two 
soil types in response primarily to differences in background OM content, protozoa 
populations were similar in the unamended control and increased to a similar extent 
with biosolids application in both soil types. It appears that individual soils have 
typical carrying capacities for both bacteria and protozoa, and the majority of these 
organisms are likely to be present as resting structures. A possible explanation is that 
the enumeration technique used here did not differentiate between active and 
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encysted protozoa. Soil with the larger OM and SMBC could thus potentially support 
a larger active population of protozoa although total numbers in low and high 
SMBC/OM soils were effectively the same. The effect of substrate supply in 
biosolids had similar impact and stimulated soil protozoa populations in both soil 
types. In amended soil the potential background status of the population had little or 
no influence on the protozoa response to sludge application. 
 
Although the protozoa populations showed no significant difference in total numbers, 
the composition of the protozoa community may also have differed between the soil 
types in relation to the proportion of organisms representing amoebae, flagellates and 
ciliates. This can explain as well the similarities between the two soils, as it can 
happen that the numbers are similar but the protozoa biomass accounted for the 
different groups is larger in the high organic matter soil. Also, the texture for both 
soils considered in this research was not a limiting factor for the soil protozoa as the 
fine texture present allowed the formation of water film in the pores without being 
small enough to avoid protozoa movement through them, especially for amoebae and 
flagellates.  
 
However, the modified MPN method used to estimate the protozoa population was 
efficient and suitable for the analysis of large number of treatment and replicate 
samples. The use of E. coli K12 as a food source in the technique also demonstrated 
the potential interaction between soil protozoa and enteric bacterial in soil. Some 
species of protozoa do not show a preference for this specific bacteria. Overall, 
however, this provided extensive qualitative evidence of the interaction between soil 
protozoa and the behaviour of enteric bacteria in sludge-amended soil.  
 
Multiple regression analysis showed that environmental factors: soil temperature and 
soil moisture content, had a significant influence the protozoa populations (Table 
6.2). However, the overall effect of these environmental variables was small 
compared to the effect of biosolids addition in soil protozoa numbers. Soil moisture 
content had a significant influence (P<0.05) on protozoa populations in DMAD and 
DRAW-amended soil, but not in unamended control. Soil temperature had no 
significant influence on soil protozoa populations in any of the treatments or in the 
control when examined as a single independent variable. All this suggests the effects 
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of environment on protozoa numbers in soil are marginal, compared to the major 
influence of substrate supply in biosolids. Therefore, predatory processes and active 
removal of enteric bacteria increases with sludge amendment irrespective of soil 
environmental conditions or the season when sludge is applied. 
 
Water is an essential requirement for active microbial life. Soil protozoa have 
adapted to live in thin films of water in the soil pores held by capillary forces. The 
soil environment presents major challenges to protozoa survival. Therefore, soil 
moisture content is an important environmental factor, allowing protozoa to move 
and feed through the soil. Thus, the positive correlation explained in the linear 
regression model (Figure 6.11) between soil moisture content and protozoa in 
DRAW and DMAD amended soil. Soil moisture content did not have a significant 
effect in soil protozoa in the unamended control probably because most of protozoa 
present were in a resting state less vulnerable to the changes in the environment. 
 
Increasing soil temperature within a broad range usually favours metabolism and 
activity, with an upper temperature limit of approximately 30 oC. Soil temperature in 
this long term experiment fluctuated between 5 and 25 oC. However, the results 
showed that under these temperature conditions, soil temperature had no significant 
influence on soil protozoa numbers. Nevertheless, temperature can be potentially 
important. For example, Stout and Heal (1967) argued that no simple relationship 
between temperature and protozoa activity in soil has been shown, and that there can 
be important interactions with temperature and other factors. For instance, soil 
temperature affects different components of the soil protozoa populations in different 
ways. Thus, cool temperature conditions may increase numbers of ciliates compared 
to flagellates and amoebae, and the opposite occurs with higher temperatures. or 
even some better adapted species from any of the different groups. Therefore, whilst 
total protozoa numbers may not change, all the relative proportions of different 
species and types may be affected by temperature. For example Opperman et al. 
(1989) investigated protozoa numbers in slurry-amended soil inoculated at 5 and 23 
oC for 135 days. Individual groups of protozoa responded differently to the soil 
temperature conditions. Flagellates increased initially at both temperatures, but 
numbers declined to values equivalent to unamended soil after 26 days. In amended 
soil numbers remained high throughout the experiment at 5 oC. Amoebae increased 
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rapidly in amended soil at 23°C and numbers were significantly larger than the 
population in amended soil at 5 oC. At 5 oC amoebae populations were similar in 
amended and unamended soil throughout the experimental period. Ciliate numbers 
fluctuated at both temperatures but larger ciliate numbers were measured at 23 °C 
compared to 5 °C in amended soils. Thus, protozoa populations are active and 
respond to substrate inputs to soil in sludge irrespective of soil temperature 
conditions. 
 
Predation is a significant factor affecting bacterial survival in soil (Fenchel, 1987), 
and protozoa are the main group of organisms predating on soil bacteria (Danso et 
al., 1975; Acea et al., 1988; Ekelund and Ronn, 1994). The main groups of protozoa 
responsible for bacteria predation are flagellates, naked amoebae and ciliates 
(Ekelund and Ronn, 1994). Increased protozoa numbers in soil in response to sludge 
application suggested greater predatory activity would occur in amended soil 
compared to untreated soil. This could therefore provide a direct ecological 
mechanism for the removal of enteric bacteria from sludge-amended soil. 
Interestingly, protozoa numbers generally increased to the greatest extent during the 
first 40 day period after sludge incorporation, which corresponded with the period of 
rapid decay observed for enteric organisms such as E. coli (Recorbet et al., 1992; 
Ekelund et al., 2002; Trevisan et al., 2002). Indeed, a statistically significant 
decrease in E. coli numbers was associated with increasing protozoa population size 
in the field experiments reported here (Figure 6.12). Protozoa grazing on soil bacteria 
introduced to soil by the addition of biosolids to soil has only been assessed 
previously in laboratory studies. For example Danso et al. (1975) showed no decline 
in bacteria introduced to sterile soil. However, inoculation with protozoa into sterile 
soil reduced the bacterial numbers. Clarholm (1981) found that amoebae populations 
in both field and laboratory experiments were present in large numbers that 
fluctuated in a manner that indicated their involvement in regulating bacterial 
numbers. Indeed, soil protozoa were responsible for a decrease of 60% in the soil 
bacterial population. In a multiple regression model (Table 6.8, Section 6.3.6), E. coli 
had a highly significant effect on soil protozoa numbers. The linear regression 
analysis of soil protozoa numbers relative to E. coli for soils amended with DMAD 
and DRAW (Figure 6.16) showed that protozoa population was positively related to 
E. coli numbers. This provided strong evidence of the role of grazing soil protozoa in 
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the decay of enteric bacteria in biosolids-amended agricultural soil. , and that the 
addition of sludge to soil increases soil protozoa numbers in soil by direct addition of 
bacteria in contrast with the no significant effect of E. coli in soil protozoa numbers 
in unamended control soils. 
 
The results presented here showed that soil protozoa were influenced by 
experimental factors and specifically by substrate addition in sludge; and 
environmental conditions had a small effect in temperate soils by comparison. The 
results also showed a strong prey-predator relationship for E. coli and protozoa 
populations in sludge amended soil. A controlled laboratory experiment was 
designed to analyse soil protozoa dynamics and their interaction with enteric bacteria 
population to further demonstrate that the decay of enteric bacteria in sludge-
amended soil is a self limiting process controlled by the predatory action of soil 
protozoa.  
 
6.5 Conclusions 
 
• Sludge application consistently increased protozoa numbers in contrasting field 
soils. Protozoa numbers in biosolids-amended soils were consistently 0.5 and 1.0 
log10 g-1 ds larger compared to unamended control soil under field conditions. 
• The increase in soil protozoa numbers after the addition of DRAW was larger 
compared to DMAD, probably due to greater availability of substrates in the 
unstabilised sludge.  
• Total protozoa numbers were similar in both soil types, despite the contrasting 
physico-chemical and biological properties of the soil types examined. However, 
the enumeration assay did not differentiate between active and encysted forms 
and it is possible that soil from North Sidelands with the largest SMBC and OM 
content contained a larger active population compared to Brices Field. 
• Compared to substrate input in sludge, environmental factors had little or no 
overall effect on soil protozoa in temperate soil conditions. Therefore, soil 
environment does not affect the protozoa response to substrate input in the sludge 
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or the potential predatory action of the population on enteric bacteria applied to 
the soil in sludge.  
• The evidence emerging from the field experimental programme strongly 
indicated that ecological mechanisms driven by predation by protozoa have a 
significant function in the inactivation of enteric bacteria applied to soil in 
conventionally treated sewage sludge.  
• The results indicated that pathogen survival in sewage sludge-amended 
agricultural soil may be a self-limiting process due to the stimulation of 
ecological processes, including the activity of predatory protozoa, in response to 
improved soil conditions and inputs of substrate resources to the soil in sludge.  
• Further fundamental research under controlled environmental conditions is 
necessary to quantify the impacts of soil ecological processes on pathogen 
inactivation in biosolids-amended agricultural soil. 
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CHAPTER 7 
Influence of Soil and Sludge Microbiological Properties on Protozoa 
Populations in Biosolids-amended Soil and Implications for Survival of Enteric 
Bacteria  
 
7.1 Introduction 
A programme of field experiments was described in Chapter 6 to quantify the effects 
of organic residual soil amendments and environmental variables on soil protozoa. 
The field-based investigations examined the dynamics of soil protozoa populations 
and the potential role of soil ecological processes in active biotic mechanisms 
responsible for the removal of enteric bacteria from biosolids-amended agricultural 
soils. The results showed that the addition of sludge consistently increased soil 
protozoa numbers depending on the sludge type and substrate availability. The extent 
of the increase in protozoa numbers after sludge addition was modulated to a small 
degree by environmental factors, mainly moisture content. This response was 
potentially explained due to the influence of soil water status on the mobility of 
protozoa through soil pores affecting their activity and access to available substrates 
and potential prey. The results showed that pathogen survival in sewage-sludge 
amended agricultural soil was a self-limiting process due to the stimulation of these 
ecological processes in response to the inputs of substrate resources to the soil in 
sludge. One of the main identified ecological processes affecting the decay of 
bacteria in soil is predation by protozoa (Danso et al., 1975; Clarholm, 1985; 
Fenchel, 1987; Acea et al., 1988; Ekelund and Ronn, 1994). Therefore, the increase 
in soil protozoa populations by the addition of sludge may be beneficial for this 
purpose in two ways, by (1) improving the soil conditions favourable to the soil 
protozoa population and (2) increasing the populations by introducing predatory 
protozoa present in the sludge. 
  
A laboratory incubation study was established to further examine the interaction 
between soil protozoa and the indicator organism E. coli in sewage sludge-amended 
soil. The soils used for incubation work were obtained from the sites used for the 
field trial investigations due to their contrasting physico-chemical characteristics. A 
series of treatments were set up using sterile and non-sterile soil and dewatered 
mesophilic anaerobically digested sludge (DMAD), pure cultures of E. coli and the 
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protozoan Colpoda steinii (Culture Collection of Algae and Protozoa, UK) with the 
specific aims to: 
• Quantify the response of soil protozoa populations after sludge amendment in 
a controlled environment under contrasting soil type conditions. 
• Evaluate the differences in response between introduced and indigenous soil 
protozoa. 
• Determine the interaction between protozoa and enteric bacteria under 
controlled environmental conditions. 
• Evaluate the potential role of soil protozoa in active biotic mechanisms 
responsible for the removal of enteric bacteria from biosolids-amended 
agricultural soils. 
 
7.2 Materials and Methods 
7.2.1 Soil and Biosolids Characteristics  
The soils for the laboratory experiment were obtained from the two sites used in the 
field trials at Imperial College farm, Wye, Kent, from Brices Field (Clay loam) and 
North Sidelands (Silty clay). The site locations are described in Section 4.2. Soils 
were collected from the top 10 cm layer using a spade and were thoroughly mixed 
and sieved to <4.0 mm in field fresh condition and remaining plant biomass was 
removed by hand. Dewatered mesophilic anaerobically digested (DMAD) biosolids 
collected from the Ashford sewage treatment works operated by Southern Water 
were added to the experimental soils. General physico-chemical characteristics of 
soils and biosolids were determined by a NAMAS accredited external laboratory 
(Natural Resources Management Ltd. Laboratories, Bracknell, Berkshire). Tables 7.1 
and 7.2 show the contrasting physico-chemical characteristics of the two soils used in 
the incubation experiment. The properties of the soils were consistent with the 
experimental field trials. Thus, the textural class of North Sidelands soil was a silty 
clay and this soil type contained twice the amount of organic matter compared to the 
clay loam soil from the Brices Field site. The pH value of the soils was 8.3 and 6.2, 
respectively.  
The general characteristics of DMAD sludge used in the laboratory experiment are 
shown in Table 7.3 and were similar to those for the DMAD applied to the field 
experiments. 
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Table 7.1 General physico-chemical characteristics of the soil (ds basis) at North 
Sidelands and Brices Field used for the incubation experiment 
 
Soil pH 
Dry 
matter  
(% w/w) 
Organic 
matter 
(%) 
Sand 
(%) 
Silt 
(%) 
Clay 
(%) Texture 
CEC  
(meq 100g-1) 
Brices 6.2 85.9 1.8 32 42 26 Clay loam 15.3 
North 
Sidelands 8.3 81.8 4 13 47 40 
Silty 
clay 22.4 
 
Table 7.2 Nutrient concentrations in soil (ds basis) from North Sidelands and 
Brices Field used for the incubation experiment 
 
 
Soil NO3-N (mg kg-1) 
NH4+-N 
(mg kg-1) 
Ext P 
 (mg kg-1) 
Ext K 
(mg kg-1) 
Ext Mg  
(mg kg-1) 
SO42- 
(mg kg-1) 
Brices 6.3 37.8 61.0 132.9 59.1 46.8 
North 
Sidelands 0.9 130.4 31.6 62.4 19.3 85.2 
 
Table 7.3 General physico-chemical characteristics and nutrient concentrations 
(DS basis) of DMAD sludge applied to soil in the incubation experiment 
 
Dry solids 
(%) 
pH OM 
(%) 
Total N 
 (% DS) 
NH4+-N  
(% DS) 
27.8 6.3 60.0 3.82 1.02 
NO3-N  
(% DS) 
Total P 
(% DS) 
Total K 
(% DS) 
Total Mg  
(% DS) 
Total S  
(% DS) 
<0.1 2.91 0.16 0.29 1.08 
 
A portion of the soil and biosolids sampled were sterilised to eliminate soil 
microorganisms for experimental purposes by a specialist company (Isotron, 
Wiltshire, UK) by exposure to γ-radiation. This method provides effective 
sterilisation and is preferred to other methods (Ramsay and Bawden, 1983) because it 
has less impact on soil structural composition and properties compared to 
autoclaving soil, for example (Lotrario, 1995; McNamara et al., 2003). 
  
7.2.2 Soil Protozoa 
The protozoa species chosen for inoculation of the experimental soils was the ciliate 
Colpoda steinii (Maupas, 1883) obtained from the Culture Collection of Algae and 
Protozoa, (CCAP, UK). C. steinii is a common soil ciliate, predominant in many soil 
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types (Bamforth, 1971; Bamforth, 2001) that feeds on E. coli and has been 
previously widely used to study the ecology of soil protozoa (Drake and Tsuchiya, 
1976; Drake and Tsuchiya, 1977; Vargas and Hattori, 1986; Forge et al., 1993; 
Wright et al., 1995; Xu et al., 1997). C. steinii was grown in a soil/water biphasic 
medium (Pringsheim, 1946) obtained by placing 100 g of calcareous loam into a 500 
ml conical flask to provide a soil depth of approximately 1 cm with approximately 
300 ml deionised water to a depth of 5 cm. The flask was covered and sterilised by 
autoclaving at 121 oC for 15 minutes (Priorclave 230 L, London, UK) on each of two 
consecutive days. The sterile medium was equilibrated for 24h at room temperature 
before inoculation with C. steinii; the pH value of the medium was measured and 
was between 7.0 and 8.0. Ten flasks were prepared and inoculated with 1 ml of the 
pure culture of C. steinii, and incubated in the dark at room temperature for 1 week. 
Following incubation, the liquid phase was separated from the soil and poured into 
50 ml centrifuge tubes and C. steinii cells were separated from the suspended soil 
particles remaining in the liquid fraction by centrifugation (2000g for 5 min) 
(Gallenkamp Labspin) and washed in modified Neff’s amoebae saline (PAS) (Page, 
1988) for enumeration.  
 
Total numbers of protozoa present in the solution were enumerated by direct 
counting under a light microscope by the following procedure. After mixing 
uniformly, 1 ml of the sample solution was transferred to a Sedgwik-Rafter counting 
chamber and observed under 4X, 10X and 40X objectives of the optical microscope. 
Counting was repeated 5 times and the mean number of ciliates was determined as 
number of ciliates per ml. The protozoa concentration in the solution was adjusted to 
105 cells ml-1 with PAS solution for addition to the experimental soil treatments.  
  
7.2.3 Enteric Bacteria  
An environmental strain of E. coli was used as the enteric bacteria indicator in the 
laboratory experiment. The strain was obtained by isolation from dewatered digested 
sewage sludge using standard membrane filtration methods (Humphrey, 1999). A 
single colony was selected and cultured on membrane lactose glucuronide agar 
(MLGA). The bacteria was subsequently grown in Luria Bertani (LB) broth to 
stationary phase before addition to the designated inoculation treatments. The final 
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concentration of E. coli following soil inoculation was approximately 8 log10 100 g-1 
ds.  
 
7.2.4 Design and Establishment of the Laboratory Incubation 
The laboratory incubation study was established on 16 July 2007. The experimental 
design consisted of a series of 14 treatments with sterile and non-sterile soil and 
sterile or non-sterile sludge (DMAD) amendment, and inoculation with pure cultures 
of E. coli and the ciliate protozoan C. steinii. The matrix of experimental treatments 
is shown in Table 7.4. Each experimental treatment was prepared in triplicate. The 
experiment was monitored on an approximately weekly basis for 63 days. Sampling 
dates and day number are detailed in Table 7.5. 
 
Table 7.4 Experimental treatment types employed in the laboratory incubation 
study 
 
Number Inoculation Treatment Soil 
1 No addition (Control) Sterile 
2 E. coli + protozoa Sterile 
3 Sludge Sterile 
4 Sludge + protozoa Sterile 
5 E. coli Sterile 
6 No addition (Control) Fresh 
7 E. coli Fresh 
8 Protozoa Fresh 
9 E. coli +Protozoa Fresh 
10 Sludge Fresh 
11 Sludge + protozoa Fresh 
12 Sterile sludge Fresh 
13 Sterile sludge + E. coli Fresh 
14 Sterile sludge + E. coli + protozoa Fresh 
 
Table 7.5 Sampling dates and day number for the laboratory incubation 
experiment 
Sampling date Day number 
16-07-07 0 
23-07-07 7 
30-07-07 14 
06-08-07 21 
13-08-07 28 
20-08-07 35 
28-08-07 43 
17-09-07 63 
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The treatments were prepared by transferring 1500 g of soil fresh weight (fw) into 
plastic trays. The rate of addition of DMAD to the appropriate treatments was 
equivalent to the field experiments (Section 4.4.1) and was 10 t DS ha-1, 
corresponding to a sludge:soil ratio of 1:100 (ds). The quantity of DMAD was 
adjusted according to its DS content and dry weight of the soil, as shown in Table 
7.6, for each soil type.  E. coli content of the DMAD was 6.1 log10 g-1 DS. The 
DMAD and sterile DMAD were formed into a slurry by mixing with phosphate 
buffered saline in the ratio of 1:1 (w/v) and stomaching at 230 rpm for two and a half 
minutes. This measure was performed to improve the uniformity of mixing of the 
biosolids into the soil for incubation. 
 
Table 7.6 Fresh weight and the equivalent dry weight of soil and DMAD 
required for each treatment in the laboratory incubation experiment (weight in 
g) 
 
Soil Fresh weight Dry soil DMAD (DS) 1:100 DMAD (fw) 
North Sidelands 1500 1227 12.27 44.1 
Brices 1500 1288 12.88 46.3 
 
Bacteria and protozoa were added to the soils using a small hand held atomiser (30 
ml) to achieve final concentrations of 1000 protozoa cells g-1 ds and approximately 8 
log10 100g-1 ds E. coli. This was equivalent to an application of 12.27 and 12.88 ml 
per 1500 g-1 fw soil of the 105 protozoa cells ml-1 suspension to North Sidelands and 
Brices soil, respectively. The amended and unamended control soils were thoroughly 
mixed using a hand-held food mixer. The mixer paddles were sterilised between 
samples in a 1% Virkon solution to prevent cross-contamination. The prepared soil 
was divided into 50g portions per replicate and transferred into small sealable plastic 
bags, which were ventilated with a straw to allow gas exchange. The bags of soil 
were maintained in a laboratory incubator at a temperature of 15°C in the dark. The 
soil moisture content was maintained at 40-60% of the water holding capacity. E. 
coli were enumerated using standard membrane filtration (MF) and most probable 
number (MPN) techniques (Humphrey, 1999), and C. steinii enumeration was by a 
modified fluorescent prey, MPN technique (Ekelund et al., 1999) described in 
Section 4.7.  
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7.3 Results 
7.3.1 Sterile Soil  
7.3.1.1 Protozoa Dynamics in Control and Inoculated Soil 
Protozoa populations in sterile soil inoculated with E. coli + C. steinii for both soil 
types are shown in Figure 7.1. As would be expected, no protozoa were found during 
the monitoring period in samples of sterile soil without inoculation. This indicated 
that sterilisation of soil was effective at eliminating protozoa. Therefore, the only 
source of protozoa in sterile soil was introduced in the inoculum. In sterile soil, 
protozoa initially were not detected on Day 0 in the inoculated treatments. However, 
by the second sampling date (Day 7), protozoa were enumerated in North Sidelands 
soil. 
 
In the inoculation treatment with E. coli + C. steinii, the protozoa population in the 
silty clay soil (North Sidelands) increased after the addition of inoculum to 3 log10 g-1 
ds on Day 7 and was equivalent to the inoculum concentration added to the soil. 
Populations subsequently increased to a maximum of 4.7 log10 g-1 ds by Day 28 and 
then declined until Day 60, when populations returned to approximately 3.5 log10 g-1 
ds. The dynamics of the protozoa populations therefore followed a similar pattern to 
that observed in the experimental field trials (Chapter 6), where numbers also 
increased initially following addition of substrates and then declined, and values 
remained above unamended control numbers. In this case, protozoa were added to 
sterile soil together with substrate biomass in the form of E. coli, and the soil 
contained dead biomass substrate from sterilisation. The absence of other organisms 
meant that there was no competition for the available substrate and other potential 
protozoa predators were absent. Under these conditions inoculation with protozoa 
was successful and C. steinii established in the silty clay soil and were biologically 
and reproductively active. However, in comparison with the silty clay soil, protozoa 
in inoculated sterile soil from Brices Field (clay loam) were only detected on Day 21 
following inoculation when 4 log10 g-1 ds of protozoa were found, but no protozoa 
were observed at any other sampling time. Therefore, in contrast to soil from North 
Sidelands, there was no substantive evidence of a viable protozoa population in 
inoculated soil from Brices Field. 
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7.3.1.2 Effect of DMAD Application in Protozoa Dynamics in Sterile Soil 
As was the case for the inoculated sterile soil, protozoa in DMAD and DMAD + C. 
steinii amended sterile soil were also only detected on the second sampling event on 
Day 7 (Figure 7.1). Protozoa populations measured on Day 7 were approximately 
3.2-3.5 log10 g-1 ds in both soil types for the DMAD only and DMAD + C. Steinii 
treatments, indicating that protozoa were present in sludge and that they were 
transferred to soil by DMAD addition. 
 
There was no significant difference (P>0.05) between protozoa population for the E. 
coli + C. steinii and DMAD only treatments, but in North Sidelands protozoa 
numbers were significantly (P<0.05) increased in soil amended with DMAD + C. 
steinii compared to the inoculation only treatment. Thus, DMAD apparently supplied 
more protozoa to the soil than the number inoculated directly into the soil. Also 
DMAD was a source of substrates not available in the inoculation only treatment. 
The differences between the inoculation only treatment and the DMAD and DMAD 
+ C. steinii treatment were in the order 0.5-1 log10 g-1 ds, respectively in soil from 
North Sidelands.  
 
Although the differences between the sludge treatments or between soil types were 
not significant, subtle differences between the DMAD and inoculated DMAD 
treatments were observed. For example, in North Sidelands soil protozoa numbers 
generally increased to a greater extent between Day 7 and 28 with DMAD + C. 
steinii amendment, compared to the DMAD only treatment. Protozoa numbers in 
North Sidelands on Day 28 were of 5.1 and 5.6 log10 g-1 ds in DMAD and DMAD + 
C. steinii, respectively. Subsequently, populations decreased to values of 
approximately 3.5-4.0 log10 g-1 ds, respectively. In soil from Brices Field protozoa 
numbers in DMAD + C. steinii amended soil were above those of DMAD only 
treatment for the duration of the experiment, with the exception of Day 35. Protozoa 
populations in soil from Brices Field increased until Day 21 to values of 
approximately 5 log10 g-1 ds for both DMAD amendment treatments. Following this 
increase, protozoa numbers remained relatively constant at approximately 4.5 log10 g-
1
 ds until Day 43 and subsequently declined to 3-3.5 log10 g-1 ds on the last sampling 
date (Day 63).  
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Figure 7.1 Protozoa populations in sterile soil from a) North Sidelands and b) 
Brices Field amended with E. coli + C. steinii inoculum, fresh DMAD and 
DMAD + C. steinii inoculum 
(DMAD: Dewatered mesophilic anaerobically digested biosolids) 
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7.3.2 Unsterile Soil 
7.3.2.1 Protozoa Dynamics in Unamended Control and Inoculated Soil 
Protozoa populations in unsterile soil and after inoculation with C. steinii are shown 
in Figure 7.2. The patterns in protozoa numbers in the unamended control soil and in 
soil inoculated with C. steinii and C. steinii + E. coli were similar and no statistically 
significant difference (P>0.05) was detected between the inoculation treatments, 
unamended control or the soil types. Protozoa populations in the unamended control 
soil initially were approximately 3.3 log10 g-1 ds until Day 14. Populations 
subsequently increased by 0.5 log10 g-1 ds and remained relatively stable for 10-14 
days. This was followed by a decline in protozoa numbers to approximately 3.0 log10 
g-1 ds until Day 63. 
 
Protozoa populations in soil inoculated with C. steinii followed the same pattern as 
the control. Although no statistically significant differences (P>0.05) were observed 
between these treatments, consistent albeit subtle changes in protozoa populations 
were apparent. Thus, small rise in numbers was observed when comparing the 
background population with C. steinii inoculation only, equivalent to an overall mean 
increase (for all sampling times) of 0.04 log10 g-1 ds. A further small increase of 0.15 
log10 g-1 ds was apparent with the E. coli + C. steinii inoculation, possibly in 
response to inputs of bacterial cells that provided a substrate source, thus resulting in 
the growth of the protozoa population. The protozoa population in North Sidelands 
had a more dynamic behaviour compared to the relatively stable numbers measured 
in Brices Field, but, overall, mean numbers of protozoa were similar in both soil 
types. 
 
In North Sidelands soil, protozoa numbers in the inoculated unsterile soil were 
approximately 3.4 log10 g-1 ds on Day 7, and consistently increased until Day 28 to 4-
4.2 log10 g-1 ds, and were approximately 0.5 log10 g-1 ds above control values. 
Subsequently, protozoa numbers declined to approximately 3.2 log10 g-1 ds in North 
Sidelands and remained consistently at this level until the end of the experimental 
period. The increase in protozoa numbers in inoculated sterile soil (Figure 7.1.a) 
compared to the equivalent inoculated unsterile soil condition (Figure 7.2.a) in North 
Sidelands soil was equivalent to 0.5 log10 g-1 ds. This evidence suggested that the 
development of the inoculated population was probably limited in the unsterile soil 
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compared to the sterile condition due to microbial competition, which was absent 
from the sterile soil. 
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Figure 7.2 Protozoa populations in unsterile soil from a) North Sidelands and b) 
Brices in unamended control soil and after the inoculation with C. steinii and E. 
coli + C. steinii  
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In unsterile Brices soil, protozoa inoculation generally had little effect on the soil 
populations compared to the control. However, inoculating the soil with protozoa and 
E. coli increased numbers on Day 28 to a small extent by 0.3 log10 g-1 ds to a value of 
3.9 log10 g-1 ds, compared to control values. The population in the E. coli + protozoa 
treatment remained consistently above the control value and declined to 3.3 log10 g-1 
ds on the final sampling event (Day 63). 
  
7.3.2.2 Effect of DMAD Application on Protozoa Dynamics in Unsterile Soil 
The response of the protozoa populations to the addition of DMAD and DMAD + C. 
steinii to non-sterile soil is shown in Figure 7.3. A rapid and significant (P<0.05) 
increase in numbers, equivalent to approximately 1-1.5 log10 g-1 ds, was measured in 
both experimental soils on Day 7, following DMAD amendment compared to 
unamended soil. In North Sidelands soil, a small consistent, albeit not significant 
increase in protozoa numbers equivalent to 0.3 log10 g-1 ds was detected with C. 
steinii inoculation compared to the DMAD only treatment. However, in Brices soil 
populations in both inoculated and uninoculated DMAD treatments were 
approximately equivalent. 
 
Protozoa populations increased more rapidly and were maintained for a longer period 
with DMAD amendment to the clay loam soil from Brices Field compared to soil 
from North Sidelands. However, there was no significant difference (P>0.05) in 
overall mean protozoa numbers between the soil types for the inoculated condition. 
However, numbers were significantly smaller in North Sidelands soil amended with 
DMAD only compared to the equivalent treatment applied to Brices soil. The 
average increase in protozoa numbers for the inoculated treatments compared to the 
unamended control in North Sidelands and Brices soil was of 0.9 log10 g-1 ds and 1.1 
log10 g-1 ds, respectively. This behaviour was consistent with the increases in 
protozoa numbers in the field experiments. In the laboratory experiment, however, 
the overall increase in protozoa numbers with DMAD addition was approximately 
0.5 log10 g-1 ds larger than in the field experiments.  
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Figure 7.3 Protozoa population in unsterile soil from a) North Sidelands and b) 
Brices in the unamended control and after amendment with DMAD and DMAD 
+ C. steinii  
(DMAD: Dewatered mesophilic anaerobically digested biosolids) 
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7.3.2.3 Effect of Sterile DMAD Application in Protozoa Dynamics in Unsterile 
Soil 
The enumeration of protozoa in sterile soil amended with DMAD (Figure 7.1) 
showed that digested sludge application itself supplied an active population of 
protozoa into soil. However, sludge is also a source of substrates that stimulate soil 
microbial processes (Fenchel, 1987; Ekelund and Ronn, 1994; Clarholm, 2005). 
Therefore, Treatment 12 (Table 7.4) was designed to quantify the effects of substrate 
supply on the native soil protozoa population by the addition of sterile DMAD to 
non-sterile soil (Figure 7.4).  
 
Protozoa numbers were significantly increased (P<0.05) by the addition of sterile 
DMAD and sterile DMAD + C. steinii into unsterile soil by approximately 0.6 log10 
g-1 ds compared with the unamended soil, for both soil types. There was no 
statistically significant difference (P>0.05) between the contrasting soil types for 
these treatments. The increase in protozoa numbers in soil from Brices amended with 
sterile sludge was smaller compared with the increase observed with non-sterile 
sludge, but this difference was only significant (P<0.05) for unsterile DMAD + C. 
steinii compared to both sterile DMAD treatments in soil from Brices Field, with an 
average mean difference between sterile and unsterile DMAD application of 0.4 
log10 g-1 ds. In North Sidelands, no significant difference (P>0.05) was observed 
between sterile and unsterile DMAD addition. 
 
The increase in soil protozoa populations after the addition of sterile sludge were a 
consequence of adding organic matter and available substrates beneficial for 
protozoa already living in the soil. Interestingly, however, the addition of unsterile 
sludge stimulated the soil protozoa population to a greater extent than the inputs of 
substrates in sterile sludge. This provided further evidence that in addition to the 
benefit of adding substrates for the existing soil protozoa, the soil community was 
augmented with new populations of protozoa introduced directly into the soil with 
the sludge. Indigenous soil protozoa may be expected to be better adapted to survival 
in the soil environment and to compete more effectively than added populations, 
such that with time and following substrate exhaustion, indigenous populations may 
be expected to dominate the niche. However, in the short-term after application 
sludge microbiology and protozoa populations would appear to have a significant 
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influence on soil ecological dynamics and processes that may be particularly 
pertinent to reducing the survival of enteric bacteria also potentially added to the soil 
in sludge. 
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Figure 7.4 Protozoa populations in unsterile soil from a) North Sidelands and b) 
Brices in the unamended control and after amendments with DMAD, sterilised 
DMAD and sterilised DMAD inoculated with C. steinii  
(DMAD: Dewatered mesophilic anaerobically digested biosolids) 
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7.3.3 Interactions Between Protozoa and Bacteria 
7.3.3.1 Effect of Protozoa and Sludge Microbiology on Inoculated E. coli 
Populations in Sterile Soil 
Data for E. coli populations in soils were provided by Cass et al. (2008). Figure 7.5 
shows the population of E. coli in sterile soil inoculated with bacteria and protozoa 
and amended with DMAD. As would be expected, no E. coli were detected in sterile 
soil samples.  The population of E. coli increased by inoculation to approximately 10 
and 9 log10 100 g-1 ds in North Sidelands and Brices Field, respectively. E. coli 
populations were relatively constant throughout the experimental monitoring period 
in both soil types with overall values in the range 9-11 log10 100 g-1 ds. In North 
Sidelands, there was evidence of further growth on Day 7 to 11 log10 100 g-1 ds and 
the population remained relatively stable at that level for the duration of the 
experiment. In Brices Field, the inoculated E. coli population remained in the range 
9-10 log10 100 g-1 ds for the duration of the experiment. 
 
E. coli numbers showed similar patterns overall with or without protozoa inoculation. 
Inoculated protozoa were only detected in sterile Brices soil (Clay loam) on one 
sampling occasion (Section 7.3.1, Figure 7.1.b). Therefore, the apparent absence of 
any response in the E. coli population to protozoa inoculation was not unexpected.  
However, protozoa numbers were detected and increased with incubation time in 
sterile North Sidelands soil before subsequently declining (Figure 7.1.a). 
Nevertheless, in this soil type E. coli populations followed a similar pattern 
irrespective of the inoculation with protozoa until the final two sampling events (Day 
43 and 63), when E. coli were significantly (P<0.05) reduced by protozoa 
inoculation.  
 
However, DMAD inoculation with C. steinii significantly (P<0.05) reduced E. coli 
numbers compared with the DMAD-amendment alone in North Sidelands soil 
despite the broadly similar size of the protozoa populations detected in these 
treatment conditions (Figure 7.1). E. coli numbers in North Sidelands soil amended 
with DMAD increased from 8 to 11 log10 100 g-1 ds by Day 21 and decreased by 4 
log10 100 g-1 ds on the following sampling date, recovering to 8 log10 100g-1 ds on the 
final two sampling dates of the experiment. In contrast, E. coli populations were 
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maintained at approximately 8 log10 100 g-1 ds initially until Day 14 following 
amendment with DMAD inoculated with C. steinii.  
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Figure 7.5 E. coli populations in sterile soil from a) North Sidelands and b) 
Brices Field after the inoculation with E. coli, E. coli + C. steinii, DMAD, and 
DMAD + C. steinii   
(DMAD: Dewatered mesophilic anaerobically digested biosolids) 
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However, numbers subsequently decreased in the inoculated protozoa treatment to a 
value of approximately 6 log10 100 g-1 ds and remained at this value until the end of 
the monitoring period. In soil from Brices Field, after an initial 14 day period when 
E. coli numbers remained relatively static in DMAD-amended soil, E. coli declined 
overall by approximately 2 log10 100g-1 ds until Day 35 in both experimental 
treatments. Subsequently, they remained relatively stable until the end of the 
monitoring period. In Brices Field, DMAD inoculated with C. steinii consistently 
reduced E. coli numbers by 0.7 log10 100 g-1 ds compared to sludge addition alone, 
although this was not statistically significant at P=0.05. However, the trend in E. coli 
numbers was consistent with the overall, albeit, small increase in protozoa measured 
with C. steinii inoculation compared to the uninoculated condition (Figure 7.1 b).  
 
7.3.3.2 Effect of Protozoa and Bacteria in E. coli Population in Unsterile Soil 
Figure 7.6 shows the E. coli populations in unsterile soil inoculated with C. steinii, E. 
coli and C. steinii + E. coli. The mean background numbers of E. coli in the 
unamended control treatments for North Sidelands and Brices soil were in the range 
of 1.5-2.5 and 0.8-1.7 log10 100 g-1 ds, respectively, and generally declined with time 
of incubation.  
 
As would be expected from the consistent patterns in protozoa numbers (Figure 7.2) 
there was no significant effect of protozoa inoculation on indigenous E. coli 
populations in either soil type. Mean E. coli numbers in unsterile soil were initially 
increased to approximately 9 log10 100 g-1 ds in both soil types following inoculation 
with the bacteria. Subsequently, E. coli numbers declined consistently in both soils 
over the monitoring period. No statistically significant effect (P>0.05) of C. steinii 
inoculation was detected on E. coli numbers in either soil type compared to E. coli 
inoculation alone. However, there was a significant decrease (P<0.05) observed in E. 
coli on Day 43 and 63 in North Sidelands soil with protozoa inoculation compared to 
the equivalent treatment without protozoa addition. Nevertheless, inoculated E. coli 
populations declined overall by 1-3 log10 100g-1 ds in both soils over the duration of 
the monitoring period and were significantly lower (P<0.05) overall compared to the 
stable E. coli populations present in the sterile condition (Figure 7.5). 
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Figure 7.6 E. coli populations in unsterile soil from a) North Sidelands and b) 
Brices Field in unamended control soil and after inoculation with E. coli, C. 
steinii and E. coli + C. steinii  
 
7.3.3.3 Effect of Sludge Organic Matter and Microbiology on E. coli Decay in 
Unsterile Soil  
Figure 7.7 shows the E. coli populations in unsterile soil after the addition of sludge 
and sterile sludge with no inoculation and inoculated with E. coli, C. steinii or E. coli 
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+ C. steinii. Protozoa inoculation had no significant effect (P>0.05) on E. coli 
numbers compared with the corresponding treatments without protozoa inoculation 
in both soil types. Although not statistically significant, numbers of indigenous E. 
coli were generally increased by sterile DMAD amendment to North Sidelands soil 
compared to the unamended control condition. This was consistent with the 
behaviour observed in the field experiments following application of enhanced 
treated biosolids (Cass, 2009). Addition of sterile DMAD to unsterile soil increased 
protozoa numbers (Figure 7.4), but had no significant effect on the indigenous E. coli 
populations in the soils.  
 
Protozoa populations were significantly increased following DMAD and DMAD + 
C. steinii amendment compared to the unamended control (Figure 7.4). Mean E. coli 
numbers in unsterile soil amended with unsterile DMAD were also significantly 
(P>0.05) increased to 7.2 and 9.0 log10 100 g-1 ds in soil from North Sidelands and 
Brices Field, respectively, compared to unamended control values. E. coli numbers 
were initially approximately 1.0 and 2.5 log10 100 g-1 ds lower in North Sidelands 
and Brices soil amended with DMAD + C. steinii, respectively, compared to the 
DMAD only treatment. However, any initial effect of protozoa inoculation on E. coli 
numbers was only transient as the differences in numbers between the DMAD 
amended treatments with and without protozoa inoculation reduced to approximately 
0.5 log10 100 g-1 ds on Day 7 in both soil types. Subsequently, E. coli decayed to a 
similar extent by approximately 5-6 log10 100 g-1 ds in both soil types in soil 
amended with DMAD and DMAD + C. steinii, by the end of the monitoring period.  
 
E. coli numbers in unsterile soil following application of sterile DMAD + E. coli 
were initially increased to 9.0 and 7.2 log10 100 g-1 ds in North Sidelands and Brices, 
respectively. E. coli populations in the sterile DMAD + E. coli + C. steinii treatment 
were 0.6 log10 100g-1 ds lower on average than the equivalent sterile DMAD + E. coli 
treatment without protozoa inoculation in Brices soil, albeit not significantly 
(P>0.05). There was a consistent decay of E. coli observed in soil amended with 
sterile DMAD in both soil types by 2.0 and 1.0 log10 100 g-1 ds in North Sidelands 
and Brices soil, respectively, and the soils contained approximately 7.0 and 6.0 log10 
100 g-1 ds, respectively, at the end of the experimental period. Thus, the rate of decay 
was slower in sterile compared to unsterile sludge, providing further evidence of the 
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role of sludge microbiology in controlling pathogen removal in biosolids-amended 
soil. 
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Figure 7.7 E. coli populations in unsterile soil from a) North Sidelands and b) 
Brices Field amended with DMAD, DMAD + C. steinii, sterile DMAD + E. coli 
and sterile DMAD + E. coli + C. steinii 
(DMAD: Dewatered mesophilic anaerobically digested biosolids) 
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7.4 Discussion 
Laboratory incubation investigations provide a necessary adjunct to field 
experimental approaches in the study of soil ecological dynamics influencing 
pathogen decay in field soil. They allow the experimental control of specific soil and 
environmental factors and treatment parameters that influence decay mechanisms, 
but which are difficult to quantify due to their high variability, under field conditions. 
The laboratory incubation experiment described here was designed with 
combinations of sterile and unsterile soil and sludge together with inoculation with E. 
coli and C. steinii to provide key insights into the ecological dynamics and microbial 
interactions influencing pathogen decay in the soil environment.  
 
Protozoa populations increased in sterile soil following inoculation with C. steinii in 
the silty clay soil and were detectable after Day 7, corresponding to the inoculation 
rate of 103 g-1 ds. The delay in the response may be explained by a period of 
adaptation of the inoculated protozoa to the new soil environment and has been 
documented in previous work (Christensen et al., 1992; Ronn et al., 1996) which 
showed that protozoan numbers increased 3-4 days following amendment to soil. In 
contrast, inoculated protozoa were not detected in the clay loam soil except on one 
occasion. This may be explained due to the loss of viability during inoculation since, 
although ciliates are less sensitive to stress than amoebae or flagellates, the 
population can decrease by more than 70% upon introduction to soil (Frey et al., 
1985). Another possible explanation is that sterilisation produced toxic substances 
inhibiting the ciliate population inoculated into the soil (Palka and Couteaux, 1986), 
although this is unlikely with the γ-irradiated sterilisation technique used here. 
Populations of inoculated protozoa increased in the sterile silty clay soil indicating 
that this soil environment favoured the growth of C. steinii, which was also sustained 
by inoculation with E. coli, presumably because of increased substrate availability. 
Rogers and Smith (2007) reported that protozoa graze bacteria selectively, with 
Gram-negative populations being targeted for predation more readily. Ronn et al. 
(2002) observed that protozoa preferentially found that protozoa preferentially graze 
on Gram-negative bacteria in soil over Gram-positive types which have more 
protective outer membranes and are therefore harder for protozoa to digest, 
compared with Gram-negative bacteria. This is particularly pertinent in 
understanding the interaction between soil protozoa and survival of enteric 
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pathogenic bacteria in soil, since the majority of the organisms of concern are Gram-
negative bacteria. Casida (1989) examined the effects of addition of different 
categories of bacteria on the growth of soil protozoa and showed that protozoa 
populations multiplied in response to the E. coli addition, but did not respond to the 
addition of the other bacteria. Pickup et al. (2007) reported that amoebae 
trophozoites fed with E. coli at a concentration of 106 cells cm-2 on an agar surface 
divided immediately under these conditions, and the population increased following 
a linear pattern. Protozoa populations can also increase due to improved physical, 
chemical and biological properties of soil following sterilisation and particularly in 
response to dead microbial biomass and partly destabilised soil organic matter that 
provide accessible sources of carbon and nutrients for the inoculated microorganisms 
(Ekelund and Ronn, 1994). Consequently, increases in microbial growth usually 
occur in the first days after protozoa inoculation into sterile soil (Figure 7.1). The 
growth of protozoa populations in sterile soil may also be explained by the absence 
of microbial competition. In contrast, protozoa numbers did not increase after 
inoculation of C. steinii into unsterile soil (Figure 7.2). The population dynamics of 
the inoculated organisms in unsterile soil would be strongly influenced by 
competition with other protozoa and the balance in growth and decay of the 
population during the incubation process may also explain the consistent populations 
that were measured in the unsterile soil condition. 
 
The results from the enumeration of protozoa in sterile soil amended with DMAD 
showed for the first time that digested sludge itself supports a population of protozoa 
that are active in biosolids-amended soil. The addition of sludge to sterile soil 
consistently increased the protozoa populations in soil, irrespective of the soil 
physico-chemical properties. This indicated that the increase in protozoa numbers in 
sterile soil was from introduced protozoa present in the sludge, which adapted to the 
soil environment in the absence of soil competitors. This response is probably 
explained because sludge from biological wastewater treatment contains a 
community of flagellates, amoebae and ciliates (Curds, 1973) that evidently survive 
the mesophilic anaerobic digestion process and become active when digested sludge 
is applied to soil. In addition, there is other evidence indicating that protozoa may 
also be active in anaerobic digestion processes, which may be another source of 
protozoa detected in sterile soil (Priya et al., 2008).  
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As observed in the sterile soil condition, soil protozoa populations increased to a 
marginally greater extent after the addition of DMAD inoculated with C. steinii 
compared to DMAD application alone, although this was not statistically significant. 
In this case, inoculated C. steinii population were modulated by competition with the 
different protozoa species present in the sludge, as well as indigenous protozoa 
populations in the soil. Sludge addition to sterile soil gave an initial protozoa 
population concentration of 3 log10 g-1 ds, which increased up to 5 log10 g-1 ds. As 
would be expected due to microbial competition effects, the protozoa population 
increased to a smaller extent with values of 1.0-1.5 log10 g-1 ds in response to DMAD 
application to unsterile soil. This evidence from both the sterile and unsterile soil 
treatments strongly indicated that digested sludge cake is itself an important source 
of protozoa addition to soil. It is the first time this observation has been reported 
which has important and significant implications for understanding the pathogen 
inactivation mechanisms operating in soil amended with conventionally treated 
biosolids such as mesophilic anaerobically digested sludge. 
 
Sludge provides a source of organic matter and substrates to support microbial 
growth (Chambers et al., 2003; Jedidi et al., 2004; Calbrix et al., 2007) and the 
influence of sludge properties on indigenous soil protozoa was examined here 
directly by the application of sterile sludge to unsterile soil. Klinge et al. (2001) 
reported an increase of approximately 1.0-1.5 log10 g-1 ds in protozoa populations in 
sludge-soil mixture compared to unamended soil in a laboratory experiment. 
Christensen et al. (1996) also reported a significant increase in the numbers of 
protozoa in forest and field soil after simultaneous addition of C (as glucose) and N 
(as NH4NO3), but not when C and N were applied separately. Ronn et al. (2002) 
shoed that protozoa populations increased in soil amended with sterile wheat roots 
and with organic compounds. Opperman et al. (1989) measured protozoa populations 
following the application of cattle slurry and reported an immediate increase in 
protozoa populations, which remained significantly higher than unamended soil for 
up to 135 days. The results reported here were entirely consistent with these earlier 
observations, and, as would be expected, sterile sludge stimulated indigenous soil 
protozoa in both soil types. However, protozoa numbers increased to a smaller extent 
with the sterile sludge addition compared to unsterile sludge, and was only 
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statistically significant in the clay loam soil, further emphasising the impact of sludge 
microbiology in the overall ecological dynamics of soil following amendment with 
anaerobically digested biosolids. 
  
The grazing action of soil protozoa on bacteria plays a major role in the regulation of 
soil bacteria populations (Stout and Heal, 1967; Curds, 1970; Danso et al., 1975; 
Fenchel, 1987; Acea and Alexander, 1988; Ekelund and Ronn, 1994). Protozoa have 
long been linked to the decrease in both numbers of coliform bacteria and organic 
particulate matter in biological wastewater treatment processes. Curds and Fey 
(1969) demonstrated the beneficial effect of protozoa in activated sludge process on 
enteric bacterial populations and showed that numbers of E. coli decreased by 95% 
in the presence of protozoa, but only 50% when protozoa were absent. This 
behaviour is therefore also likely to be important in regulating the survival of enteric 
bacteria in sludge-amended agricultural soil. The importance of protozoa populations 
in the decay of enteric bacteria after the addition of sludge to soil was assessed using 
E. coli as the indicator bacteria (Sidhu and Toze, 2009). E. coli populations in silty 
clay soil inoculated with C. steinii and E. coli decreased significantly on Day 43 and 
63 of the monitoring period and the reduction was equivalent to 1.0 and 2.0 log10 100 
g-1 ds on both sampling dates in sterile and unsterile soil, respectively compared to 
soil inoculated only with E. coli. Further evidence of the effect of protozoa grazing 
on bacteria was obtained from the E. coli population dynamics in unsterile soil. Thus, 
bacteria populations in unsterile soil inoculated with E. coli declined by 
approximately 1.0-3.0 log10100 g-1 ds in North Sidelands and 3-4 log10100 g-1 ds in 
Brices soil.  
 
Bacteria populations in sterile soil inoculated only with E. coli remained relatively 
constant at approximately 10 log10 100 g-1 ds for the duration of the monitoring 
period. Although no apparent effect was observed in E. coli populations in sterile soil 
inoculated with protozoa, the addition of unsterile DMAD significantly increased the 
decay rate of E. coli compared to the populations in the inoculated sterile soil. The 
increase in the decay rate of E. coli corresponded with a larger increase in protozoa 
numbers in sterile soil amended with DMAD compared to the protozoa inoculation 
treatment, and thus, an increase in the predatory action upon bacteria. In the absence 
of microbial competition and the grazing action of protozoa, E. coli populations were 
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not challenged or stressed by the soil environment itself and therefore, remained 
relatively stable. Consequently, protozoa populations in sludge and soil have a 
significant role in E. coli decay.  Recorbet et al. (1992) reported that genetically 
engineered E. coli added to soil at a rate of 7 log10 g-1 ds in the presence of protozoa 
rapidly decreased followed by an increase in the indigenous protozoa. Mallory et al. 
(1983) reported the similar behaviour of Salmonella typhimurium and Klebsiella 
pneumoniae, which increased in numbers when added to sterile sludge, and were 
able to maintained densities of 6 log10 cells ml-1. When the bacteria were added to 
fresh raw sludge, however, numbers decreased by approximately 3 log10 cells ml-1, 
and at the same time protozoa populations increased by approximately 1 log10 cells 
ml-1. In the laboratory incubation experiment reported here, E. coli populations 
declined by approximately 1.0-2.0 log10 100 g-1 ds after the addition of sludge to 
sterile soil. Sludge addition also increased the size of protozoa populations in soil, 
and therefore is likely to directly contribute to the inactivation of E. coli in soil.  
 
The results reported indicate that the concentration of enteric bacteria applied to the 
soil in sewage sludge is apparently a self-limiting process associated with increased 
numbers and activities of predatory protozoa present in the soil and supplied in 
conventionally treated digested biosolids.   
 
7.5 Conclusions 
 
• Soil protozoa population dynamics observed under controlled laboratory 
incubation followed similar patterns and were consistent with the behaviour 
measured under experimental field conditions. Sludge application to soil 
consistently increased protozoa numbers by 1.0-1.5 log10 g-1 ds compared to 
unamended control soil and may therefore be expected to stimulate predatory 
grazing activity on enteric bacteria applied to soil in sludge. 
• Unsterile sludge application increased soil protozoa populations in sterile and 
unsterile soil. Therefore, DMAD application is itself a significant source of 
predatory protozoa input to soil. 
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• Increased protozoa populations in soil after the addition of sterile sludge 
demonstrated the beneficial effect of sludge application on soil microbial 
processes due to the application of available substrates in the sludge. 
• Inoculated E. coli populations in sterile soil remained relatively constant during 
the monitoring period. After inoculation with the ciliate protozoa C. steinii, 
however, E. coli numbers decreased, demonstrating the regulation of pathogen 
decay by protozoa. 
• E. coli decay and protozoa numbers increased in sterile soil amended with 
unsterile DMAD, indicating that sludge application suppressed E. coli survival 
and that this was linked to the activities of predatory protozoa supplied to the 
soil in sludge. 
• The increase in the decay rate of E. coli corresponded with a larger increase in 
protozoa numbers in sterile soil amended with DMAD, and thus, an increase in 
the predatory action upon bacteria. The rate of E. coli decay was slower in sterile 
compared to unsterile sludge soil, demonstrating that protozoa influence the 
regulation of E. coli populations. In the absence of microbial competition and 
the grazing action of protozoa, E. coli populations were not challenged or 
stressed and remained relatively stable. Consequently, protozoa populations in 
sludge and soil have a significant role in E. coli decay.  
• Under temperate environmental conditions, pathogen survival in sewage sludge-
amended agricultural soil is a self-limiting process regulated by soil ecological 
processes involved in pathogen removal. Thus, sludge addition to soil 
incorporates available substrates increasing soil microbial and protozoa 
populations and activity, and protozoa supplied to soil in digested sludge 
stimulate active predatory mechanisms responsible for removing enteric 
pathogens in sludge-amended soil. 
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CHAPTER 8 
General Discussion 
 
8.1 Background 
Recycling of organic wastes, biosolids and sludge to agricultural land has been a 
widespread practice for many decades (Gerba and Smith, 2005), and is recognised as 
the Best Practicable Environmental Option to recycle biosolids under most 
circumstances (Defra, 2007). Under current EU regulations the disposal of sewage 
sludge at sea has ended and disposal in landfills is limited, therefore the dependence 
on agricultural application for biosolids management has increased in importance. In 
the UK, the total production of sewage sludge is 1.4 Mt DS, with 1.0 Mt DS recycled 
to agricultural land as a soil improver (Defra, 2007). The addition of organic residual 
amendments to agricultural soil provide significant benefits through the 
incorporation of essential nutrients for crop production, maintaining the OM content 
of the soil, and improving the structure and stability of soil aggregates (Chambers et 
al., 2003; Calbrix et al., 2007).  
 
 
As part of the OM, soil microbial biomass (SMB) is responsible for soil biochemical 
processes, particularly C turnover, OM transformations and nutrient cycling in soil 
and provides a repository of labile soil C, N or P in soil (Rowell, 1994). The level of 
response of SMB in different ecosystems is linked to the nutritional status and 
original composition of soils, and to the OM added, and it is more sensitive and 
responds more dynamically to the addition of organic materials than soil OM as a 
whole (Pascual et al., 1997). Therefore, SMB activity is commonly used to 
characterize the soil microbiological status and soil quality (Nanniperi et al. 1990), 
being of importance in studies of nutrient cycling and ecological processes in soils. 
Thus, the analysis of SMBC concentrations in the experimental field trials provided 
information on the impact of the different amendments on soil fertility status and on 
the possible links established between soil microbial ecological interactions and the 
decay of enteric pathogens. 
 
Despite the benefits arising from the application of sludge to agricultural soil, it can 
be a potential concern for public health due to the possible infection of humans and 
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animals by enteric pathogens present in the sludge (WHO, 1989). Thus, recycling of 
sludge to agricultural soil is controlled and regulated to avoid potential problems. 
One of the basic underlying principles to protect human health from the presence of 
residual numbers of pathogenic microorganisms that may potentially occur in sludge 
is the multiple barrier approach to prevent disease transmission (WHO, 1989). This 
involves treating sludge to significantly lower the numbers of pathogenic organisms 
and to adopt land use restrictions to allow the natural decay of pathogens to take 
place in soil (WHO, 1989). In order to increase acceptance of biosolids as an 
agricultural soil improver a voluntary agreement specified acceptable sewage sludge 
treatment criteria and land management practices under the Safe Sludge Matrix 
(SSM) (ADAS, 2001). The SSM requires that biosolids undergo a 6.0 and 2.0 log10 
reduction in E. coli to be classified as enhanced and conventionally treated biosolids, 
respectively. As well as including microbiological numerical limits for biosolids, the 
SSM prohibited the use of untreated sludge and gave detailed harvesting restriction 
information for the use of conventionally treated biosolids. Microbiological Risk 
Assessments (MRA) were aimed at quantifying the risk to general public health from 
the reuse of biosolids in agriculture (Gale, 2005; Eisenberg et al., 2008). Limited 
decay data for enteric pathogens in biosolids-amended soils were available for short-
term studies and were extrapolated to cover the 12-30 month harvest/cropping 
restrictions. Uncertainties with such extrapolations restrict the validity of MRA 
calculations and therefore long-term field data quantifying the attenuation of enteric 
pathogens in biosolids-amended agricultural soils were necessary (Gale 2005; Avery 
et al., 2005; Pourcher et al., 2007).  
 
Soil ecological processes, such as predation, competition, parasitism and antagonism 
are the key factors affecting pathogen survival in biosolids-amended soil (Topp et 
al., 2003; Gerba and Smith, 2005; Lang et al., 2007). However, there is little 
scientific data demonstrating the influence of soil microbial ecological factors on 
enteric pathogen decay in biosolids-amended agricultural soils. Thus, it is necessary 
to elucidate the complex soil ecological mechanisms driving enteric pathogen decay 
and quantify the long-term natural attenuation of pathogens in soils to provide 
reliable guidelines to protect public health from the potential spread of transmissible 
infectious intestinal disease when reusing biosolids as an agricultural soil improver 
(Gale, 2005; Lang et al., 2007; Pourcher et al., 2007). 
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Predation of pathogens is mainly due to the grazing activity of protozoa and 
nematodes (Opperman et al., 1989; Griffiths et al., 1998). The grazing action of 
protozoa on indigenous soil bacteria is a well known phenomenon and is potentially 
an important biotic mechanism responsible for the removal of pathogenic bacteria 
(Fenchel, 1987; Ekelund and Ronn, 1994; Clarholm, 2005). Therefore, the study and 
enumeration of protozoa is essential to elucidate the complex soil ecological 
mechanisms driving enteric pathogen decay and to quantify the long-term natural 
attenuation of pathogens in soils. This information would provide the sound 
scientific principles to underpin management practices based on the multi-barrier 
approach to protect public health from potential infections when recycling biosolids 
to agricultural soil (Gale, 2005; Lang et al., 2007; Pourcher et al., 2007)   
 
A programme of four field experiments on two contrasting agricultural soils and in 
different cropping seasons at the Imperial College farm in Wye, Kent was established 
to quantify the effect of organic residual soil amendments for long-term monitoring 
period on SMBC concentration, and thus on soil fertility status (Chapter 5) and to 
improve the understanding of the ecological processes occurring within the soil 
microbial community, especially the interaction between soil protozoa and bacteria, 
in sludge-amended agricultural soil (Chapter 6). A laboratory incubation study was 
established to further examine the interaction between soil protozoa and enteric 
pathogens in sewage sludge-amended agricultural soils (Chapter 7).   
 
8.2 Effect of Land Application of Organic Residual Soil Amendments on Soil 
Microbial Biomass Carbon 
8.2.1 Indigenous Soil Microbial Biomass Carbon  
The long term experimental field trials were performed in two soils with contrasting 
physico-chemical characteristics, North Sidelands and Brices Field. As the living 
part of the OM in the soil, SMBC is also influenced by the physico-chemical 
characteristics of the soil. The background SMBC concentration differed 
considerably between the two experimental soil types (Figure 5.1) and was 
consistently greater in the soil with high OM content (4% in North Sidelands) 
compared to the low OM content soil (2% in Brices Field), thus indicating higher 
fertility status in soil from North Sidelands. The average values for SMBC 
concentrations in soil ranged between 600-900 µg C g-1 ds and 125-175 µg C g-1 ds 
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for North Sidelands and Brices Field, respectively. The results were within normal 
ranges compared to previous studies (Banerjee et al., 1997; Franco-Hernandez et al., 
2003; Jedidi et al., 2004; Fernandes et al., 2005). Wu and Brookes (1988) reported 
SMBC concentrations of 130 µg C g-1 ds in soil containing 1-2% OM, and 427 µg C 
g-1 ds in soil with high OM content (4-5%). Higher SMBC concentrations in North 
Sidelands were also consistent with the silty clay texture of the soil and a higher soil 
pH value (Sorensen, 1983; Friedel et al., (2006), which are also usually have a 
positive influence on SMBC. Zagal (1993) reported that SMBC was influenced by 
soil texture, presumably because of its influence on the ability of soils to preserve 
microbial biomass depending on the particle size, and measured greater SMBC 
concentration in finer textured soils compared to the coarser soils.  Soil OM, and thus 
SMBC, tend to be greater in soils with high clay content; this is because clay 
particles physically and chemically protect OM (Rowell, 1994). Organic matter coats 
clay particles, improving structure by increasing adhesion between soil particles 
(Sorensen, 1983; Addiscott et al., 1991). The pH of the soil also influences SMBC 
concentrations which increase with increasing pH values (Pennamen et al., 1988). 
Kemmitt et al. (2006) in a long term study to test the relationship between pH and 
rates of C and N cycling, reported a linear increase of SMBC concentration with 
increasing pH, as lime application to soil had the effect of solubilising OM and thus, 
increasing substrate availability.  
 
The characteristics of the soil also influenced in the environmental variables. Soil 
temperature was generally 1-3 oC higher in North Sidelands soil compared to soil 
from Brices Field. Soil moisture content was in general approximately 4% greater in 
North Sidelands compared to Brices Field, presumably due to the differences in clay 
and OM. Soil moisture content and temperature had an important influence in SMBC 
(Wardle and Parkinson, 1990; Devi and Yadava, 2006). Soil moisture content was 
the main environmental parameter influencing SMBC concentration, which increased 
with increasing soil moisture content. Soil temperature had a significant effect, but 
the effect was not consistent between the different experimental field trials, and the r2 
value obtained in the regression analysis was very small, as the main factor was soil 
type and treatment. Joergensen and Raubuch (2003) measured SMBC in arable and 
grassland soils from temperate sites incubated aerobically at 5, 10, 15, 20, 25, 35, 
and 40 °C for 8 days. They reported that the average SMBC content of all soils for 
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each temperature decreased with increasing temperature. However, around 80% of 
the variance in SMBC was explained by differences in soil properties and only 7% 
by the temperature, supporting the results of the multiple regression model for pooled 
data of all the field trials and both soil types from this investigation to analyse the 
variables affecting to SMBC. In this model soil type, and especially soil OM content, 
was the main factor affecting SMBC concentrations, and although moisture content 
and temperature were statistically significant, they only accounted for 5 and 2% of 
the total variance, respectively. Vanveen et al. (1985) reported larger SMBC contents 
in soils under continuously moist conditions compared to soil under an intermittent 
drying regime. The multiple regression model of the influence of the environmental 
variables on SMBC developed for pooled data from all the field trials for each soil 
type (Section 5.3.3) showed that only soil moisture content had a significant positive 
effect on the SMBC in North Sidelands soil. However, soil temperature was 
negatively correlated to SMBC. Therefore, seasonal changes (temperature, moisture 
and substrate supply) alter both the composition and function of the SMBC to a 
certain extent (Zogg, 1997).  
 
The selection of these soil types with diverse physico-chemical characteristics and 
differences in the background SMBC concentrations for this investigation provided 
contrasting biological environments for testing the effects of soil ecological 
conditions and microbial activities on pathogen survival in sewage sludge-amended 
agricultural soil.  
 
8.2.2 Soil Microbial Biomass Carbon Dynamics after Land Application of 
Organic Residual Soil Amendments  
Addition of OM to soil in the form of manure and sludge increases the SMB content 
due to the incorporation of easily biodegradable organic substrate which stimulated 
the soil microbial activity, together with the addition of viable microorganisms to the 
soil in sewage sludge. Therefore, the addition of organic residual amendments is 
beneficial to the maintenance of soil fertility (Brookes, 1995; Leita et al., 1995; Leita 
et al., 1999). Soil systems are C-limited, therefore inputs of available C in organic 
materials applied to the soil enhances mineralisation processes and increases 
indigenous SMBC. The beneficial impact that addition of organic residual soil 
amendments, such as biosolids and livestock wastes, has on microbial biomass 
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dynamics has been widely researched because of the nutrient value of these organic 
residuals (Elliot and Dempsey, 1991). Therefore, sewage sludge application to soil 
enables the recycling of nutrients and may eliminate the need for commercial 
fertilizers in cropland, and also because of the fundamental role of SMBC in soil 
ecological processes (Franco-Hernandez et al., 2003; Sanchez-Monedero et al., 
2004; Calbrix et al., 2007). Soil characteristics had a significant influence on the 
dynamics of SMBC concentrations in soil receiving amendments. As expected, the 
addition of organic residual amendments to soil increased the SMBC in both soil 
types compared to the unamended soils. However, the effect of soil amendment on 
SMBC was smaller in North Sidelands soil due to the larger background SMBC and 
OM content compared to the increases in SMBC observed in soil from Brices Field 
(Fornasier et al., 2002). This association with the background OM content of the soil 
agrees with Jimenez et al. (2007), who reported comparatively larger increases in 
SMBC concentrations after the application of different organic amendments in soils 
with low initial OM content compared to higher OM content. 
 
The physicochemical characteristics of the sewage sludge depended upon the quality 
of sewage and type of treatment processes followed and will influence the response 
of the SMBC. The largest increase in SMBC was detected after DRAW application, 
with larger OM and microbiological content due to the unstabilised nature of the 
amendment. Therefore, DRAW contained a larger fraction of living biomass 
compared to the treated, stabilised form and as well as an increased availability of 
organic substrates for microbial growth. In a field investigation into the effects of 
raw sludge applied to a clayey soil Fernandes et al. (2005), at similar rates of 
application (8.1-12 t DS ha-1), observed similar increases of approximately 300-450 
µg C g-1 ds greater than unamended soil were observed in amended soil.  
 
The higher degree of stabilisation in the treated sludge is a result of the process 
undergone in the treatment plant, which reduces the quantity of easily biodegradable 
carbon fractions and increases the number of carbon fractions more resistant to rapid 
decomposition. Therefore, SMBC concentration increase to a lesser extent after 
addition of stabilised products compared with DRAW. After DRAW, DMAD was 
the treated sludge that increased most SMBC concentrations, followed by Compost 
addition, in accordance with their OM content of approximately 60% DS. Pascual et 
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al. (1997) reported similar results in an incubation experiment with the addition of 
municipal solid waste, sewage sludge and compost. The SMBC concentration 
increased to a larger extent with the addition of fresh waste than with compost, as the 
sludge goes through a process involving a high degree of microbial activity, and once 
the process has finished, part of the microorganisms are retained in the sludge. 
Therefore, in addition to the OM incorporated in the amendments to be used for soil 
microorganisms, sludge addition is a direct source of viable microorganisms, thus 
further increasing SMBC concentrations. The microbial biomass from DRAW was 
from faecal matter and biological sludges from secondary wastewater treatment 
processes, whereas DMAD contained biomass derived from the anaerobic digestion 
processes. The effect of sludge characteristics was also observed in the immediate 
SMBC response after amendment addition. As shown in Section 5.3.2.1, the addition 
of DRAW in Brices Field soil showed an immediate significant increase in SMBC, 
followed by a rapid decay after 20-30 Days and a marked variability in the SMBC 
dynamics. However, DMAD and Compost application initially increased SMBC 
concentrations to a lesser extent compared to DRAW, but the concentrations 
remained relatively constant for a longer period. Pascual et al. (1997) reported a 
significant initial increase after inoculation of fresh waste, but during the incubation 
period SMBC values decreased significantly as a consequence of the mineralization 
processes which occur when unstabilised sludge is incorporated into soil. This 
decrease was greater during the first 30 days since it is in this first stage that the most 
biodegradable carbon fractions incorporated with the organic materials are degraded 
by the microorganisms (Beloso et al., 1993). However, the compost-amended soil in 
the same experiment showed lower mineralization than the soils amended with fresh 
wastes since the OM contained in compost was more stable than that in fresh wastes 
as a result of the composting process it has undergone. Sanchez-Monedero et al. 
(2004) also reported that the SMBC concentrations after addition of untreated sludge 
was twice of that developed by mature compost application. In the soil amended with 
untreated sludge, the equilibrium was recovered after 2 months, meanwhile in the 
Compost treatment it took only 18 days, explained by the lower degree of 
stabilisation that occurs in untreated sludge.  
  
The physical characteristics of the sludge affected its impact on SMBC in the DMAD 
and DRAW treatments which were incorporated as slurry in the inoculation 
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treatments. Although there was no difference in the management of the different 
treatments, there was an enhanced availability of nutrient resources, which can be 
explained by the more intimate mixing of the soil that took place when sludge was 
applied in the slurry form compared to the cake. Similarly, although liquid sludge 
had similar properties to those of DMAD, the dry solids content compared to the 
solid form meant that at field application rates the OM supplied by the liquid form 
was considerably reduced, thus having a small effect on SMBC concentrations. The 
same happened with livestock manures and slurries, with a small DS content and 
being microbiologically stabilised by composting, and by fermentative digestion in 
the animal gut in ruminants. The extent of increase in SMBC for animal wastes was 
then in the order FYM>Pig>Cow. In contrast with the conventionally treated sludge, 
the effect of Lime cake and TDMAD sludge addition on SMBC was limited to the 
stimulation of the indigenous SMBC by the OM addition to the soil; Lime cake and 
TMAD are enhanced treated to eliminate pathogens and therefore no significant 
input of microorganisms to the soil occurred. Lime cake addition also increased the 
soil pH, consequently increasing the OM solubility. 
 
Environmental factors influenced the SMBC dynamics, with soil moisture content 
being the main environmental factor affecting SMBC. The concentration increased as 
the moisture content increased, and this influence was maintained during all the field 
trial experiments for both soil types. Soil temperature effect varied depending on the 
FT studied. However, the main factors influencing SMBC in this study were soil type 
and type of amendment. Therefore, the influence of environmental variables, 
although important, was disguised by the other factors.  
 
In general, SMBC concentration in both soils was highly dynamic throughout the 
monitoring period for all the treatments and provided with soil conditions with 
contrasting characteristics to undertake further investigations on the soil microbial 
interactions taking place in biosolids-amended agricultural soil. 
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8.3 Soil Protozoa Populations in Two Contrasting Agricultural Soils Amended 
with Organic Residual Soil Amendments  
8.3.1 Background Soil Protozoa Populations  
Soil protozoa are essential to soil ecological processes (Ekelund and Ronn, 1994). 
However, relatively little research has been undertaken on this group of 
microorganisms, compared to e.g. soil bacteria, fungi and viruses. One of the main 
reasons for this lack of study into soil protozoa is the difficulty in obtaining precise 
enumeration data. The enumeration of soil protozoa with an adapted novel molecular 
fluorescence and counting MPN technique (Darbyshire et al., 1974; Ekelund et al., 
1999) provides estimates of the total numbers of protozoa in soil and make it 
possible to evaluate the role of this group of organisms in the ecological mechanisms 
involved in the inactivation of enteric pathogens introduced into soil in sludge. 
However, soil protozoa are found most of the time in an encysted inactive form to 
prevent desiccation and to protect them from unfavourable conditions. The assay 
employed in this thesis did not differentiate between active and encysted forms. 
However, the benefit provided by using this assay was the possibility to include more 
treatments and replicates in the experiment, therefore widening the ecological 
interpretations in the ecological processes with different biosolids and in soils with 
contrasting characteristics. 
 
In the experimental field trials soil protozoa numbers in the unamended control soils 
were in the range 3.0-4.0 log10 g-1 ds for both soil types as shown in Figures 6.1 and 
6.2. Although the literature shows that typical numbers of protozoa in soils vary 
widely, the results from this study supported previous findings by Ekelund and Ronn 
(1994) where a field study of a barley field soil reported soil protozoa numbers in the 
range 4.5-5.0 log10 g-1 ds. In this study, although both soil types examined presented 
contrasting physico-chemical characteristics, and in contrast with the results 
observed for the SMBC dynamics, there was no significant difference in total soil 
protozoa populations between them. Soil texture, for example, will influence the 
habitable pore space, restricting the movement of protozoa if the pore is smaller than 
the size of the protozoa, or does not have enough water tension to facilitate the 
movement by capillarity. For example, Ronn et al. (2001) describe a positive 
correlation between protozoan populations and the proportion of fine textured soil. 
This could be related to a larger habitable pore space for the protozoa in the fine-
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textured soils. Rutherford and Juma (1992) found that the habitable pore space 
increased with increasing clay content. Also, soil texture influences protozoa 
populations as the smaller pores offer protection from predators. Protozoa would be 
more protected from predation in the fine-textured soils, but so would be their 
potential prey, being more time and energy consuming to feed on bacteria. Soil with 
high OM content may be expected to support increased protozoa populations. 
However, the enumeration assay did not differentiate between active or encysted 
forms and it is possible that the fine-texture soil with the largest OM content (North 
Sidelands) contained a larger active population compared to Brices Field.  
 
8.3.2 Effect of Land Application of Organic Residual Soil Amendments in Soil 
Protozoa Population Dynamics  
Soil protozoa are a vital group of microorganisms within the soil microbial 
community, having a major influence on the composition and numbers of bacteria 
populations in soils and on the fertility of soil by stimulating mineralisation 
processes and releasing nutrients (Fenchel, 1987; Ekelund and Ronn, 1994; 
Clarholm, 2005). Sludge application consistently increased soil protozoa populations 
to a similar extent in both soil types by approximately 0.5-1.0 log10 g-1 ds compared 
to background numbers in the unamended control soil. This response was consistent 
with previous investigations (Singh, 1949; Forge et al., 2005). In the field trials, 
protozoa numbers rapidly increased above background control values reaching 
maximum values over a period of 7-30 days after application of amendments. 
Populations subsequently declined, but were consistently approximately 0.5 log10 g-1 
ds above the control. This suggested an initial period of increased protozoa and 
growth activity, and also that amended soil supported a larger population of protozoa 
for long periods after the application compared to unamended soil. It is like a 
“memory effect” and the soil ecological system is fundamentally altered for many 
months after application. The addition of organic amendments introduced large 
numbers of viable and dead bacteria, along with readily utilizable substrates. The soil 
microbial biomass utilises any available substrate, and the presence of large bacterial 
populations, whether introduced in the amendment or by rapid multiplication of 
indigenous microorganisms, provides potential food for protozoa (Opperman et al., 
1989). Protozoa are an important group influencing in the mineralisation and nutrient 
cycling in the soil environment. For example, protozoa play key roles in the N and C 
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cycles by regulating OM decomposition rates and metabolic pathways (Couteaux and 
Darbyshire, 1998). Therefore, as the addition of organic amendments increases soil 
microbial biomass activity and incorporates OM to soil, protozoa populations will 
subsequently increase as well. The results from the laboratory incubation supported 
the beneficial effect of sludge application on soil microbial processes due to the 
application of available substrates in the sludge, as the addition of sterile DMAD to 
unsterile soil increased soil protozoa populations. 
 
As soil protozoa graze on bacteria, the extent of the population response to the soil 
amendments will depend on the biomass content and effect of the substrate inputs on 
the growth and size of the bacterial population available to protozoa as a food source. 
Therefore, the extent of increase was consistent with the effect that organic 
amendments had on SMBC. The addition of enhanced treated biosolids stimulated 
the growth of indigenous soil microbial biomass, thus increasing available substrates 
for protozoa to graze and therefore, increasing the soil protozoa numbers. Ronn et al. 
(2001) also showed increased protozoa populations in response to glucose addition. 
In this study however, comparing the effect of the different amendments, the lowest 
increase in soil protozoa populations was in the case of enhanced treated biosolids. 
As was the case for SMBC, DRAW increased protozoa to a greater extent. The 
increase in soil protozoa numbers after addition of DMAD was marginally lower 
than that of DRAW. The level of stabilisation of DRAW sustained larger bacterial 
populations through the addition of readily available substrates, increasing the food 
source for protozoa. However, DRAW itself contained a significant number of viable 
protozoa. Protozoa are an important member of the microbial community in 
biological wastewater treatment processes and improve significantly the performance 
and removal of pathogens from treated wastewater by grazing and ingesting the 
bacterial population (Curds, 1969). Protozoa are, quantitatively, the most important 
grazers of microbes in aquatic environments, balancing bacterial production in 
sewage treatment plants (Pauli et al., 2001). Curds and Fey (1969) demonstrated the 
beneficial effect of protozoa in activated sludge processes on enteric bacterial 
populations and showed that numbers of E. coli decreased by 95% in the presence of 
protozoa, but only 50% when protozoa were absent. Therefore, the direct addition of 
protozoa with DRAW addition to soil is presumably originated in surplus biological 
wastewater treatment (Curds, 1975). The addition of DMAD to soil showed a similar 
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behaviour. Although the presence of protozoa in anaerobic reactors in addition to 
various bacterial and archeal groups is rarely recognised, protozoa, and especially 
ciliate protozoa, have a direct influence in the performance of these reactors (Priya et 
al., 2007). Therefore, DMAD application to soil increased protozoa populations by 
addition of available substrates, but also by direct incorporation of viable protozoa 
present in the sludge. The addition of DMAD to sterile soil in the laboratory 
incubation resulted in an increase in protozoa numbers. Therefore, DMAD 
application is itself a significant source of predatory protozoa input to soil. 
 
Multiple regression analysis of the experimental and environmental variables 
developed from pooled data from all the experimental field trials showed that the 
effect of the different biosolids types was the main factor influencing soil protozoa 
populations under UK temperate conditions. The environmental variables, soil 
moisture content and soil temperature also had a significant effect in the regression 
analysis, as it is well known that both soil microbial biomass and soil protozoa are 
influenced by environmental factors (Ekelund and Ronn, 1994; Dalal, 1998). When 
the environmental factors were analysed separately, soil moisture content was the 
only factor which positively influenced soil protozoa populations in sludge-amended 
soil in the experimental field trials. Soil protozoa are highly sensitive to the soil 
moisture status, as active populations in soils are supported within the thin films of 
water that form along the walls of the soil pores (Ekelund and Ronn, 1994). 
Clarholm (1981) observed a transient increase in numbers of protozoa in pine forest 
soil after a rainfall event, with amoebae population increasing by 1.0 log10 g-1 ds. 
Soil temperature showed no significant influence on soil protozoa populations in the 
field trials under UK temperate conditions. Although increasing temperature within a 
broad range usually favours metabolism and activity of protozoa and can be 
potentially important, Stout and Heal (1967) argued that no simple relationship 
between temperature and soil protozoa has been shown, and that there can be 
interactions with temperature and other factors. For example, Opperman et al. (1989) 
reported that individual groups of protozoa responded differently in an incubation 
study at 5 and 23 oC in slurry-amended soil. Flagellates increased initially at both 
temperatures, decreasing to values equivalent to the unamended control by day 26 at 
23 oC, but remained high at 5 oC. However, although ciliates and amoebae increased 
at both temperatures, larger numbers were present at 23 oC. Thus, under UK 
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temperate conditions, protozoa populations are active and respond to substrate input 
to soil in sludge irrespective of soil temperature conditions. 
 
8.4 Soil Protozoa Populations’ Influence on the Decay of Enteric Pathogens in 
Agricultural Soil Amended with Organic Residual Soil Amendments 
Predation is a significant factor affecting bacterial survival in soil (Fenchel, 1987), 
and protozoa are the main group of organisms predating on soil bacteria (Danso et 
al., 1975; Acea et al., 1988; Ekelund and Ronn, 1994). Increased protozoa numbers 
in soil in response to sludge application suggested greater predatory activity would 
occur in amended soil compared to untreated soil. Protozoa numbers in the 
experimental field trials and in the incubation experiment generally increased to the 
greatest extent during the first 30-40 day period after sludge addition. Different 
studies reported a rapid decay observed for E. coli in the first 10-20 days after sludge 
addition. (Recorbet et al., 1992; Ekelund et al., 2002; Trevisan et al., 2002). Multiple 
regression analysis in the field trials experiment showed that E. coli numbers had a 
positive influence on soil protozoa populations. Consequently, during the first 20-40 
day period after sludge application protozoa numbers increased, and E. coli numbers 
decrease, following a classical predator-prey relationship (Lotka, 1925; Volterra, 
1926, 1931; Canale, 1969). Therefore sludge addition increased soil protozoa 
numbers, increasing predatory pressure, and provided a direct ecological mechanism 
for the removal of enteric bacteria in sludge-amended soil. The results obtained in 
the incubation experiment showed that numbers of E. coli inoculated into sterile soil 
remained relatively constant in the absence of grazing action by protozoa. However, 
in sterile soil conditions, inoculated E. coli decayed in the presence of protozoa 
inoculum. These results further demonstrated that soil protozoa influenced the decay 
of E. coli populations in biosolids-amended soil. The results of both the field and 
incubation experiments lead to the deduction that pathogen survival in sewage 
sludge-amended agricultural soil may be a self-limiting process due to the 
stimulation of soil ecological processes, including the activity of predatory protozoa, 
in response to improved soil conditions and inputs to the soil of substrate resources 
and microbial grazers in sludge.  
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8.5 Implications of Microbial Interactions in the Regulatory and Management 
Guidelines on the Agricultural Reuse of Biosolids 
Recycling of sludge to agricultural soil is controlled and regulated to avoid potential 
problems and prevent infection to humans based on both the single and multiple 
barrier approach to reduce the risk to an acceptable level (WHO, 1989). The MRA 
developed to estimate the risk to humans in sewage sludge-amended agricultural soil 
needed further research into the factors influencing the MRA for long periods and 
under temperate conditions (Avery et al., 2005; Gale, 2005; Rogers and Smith, 
2007).  
 
The results presented in this investigation provide information on the ecological 
mechanisms involved in the decay of enteric pathogens through the predatory action 
of protozoa. The processes involving protozoa population in the decay of enteric 
bacteria in temperate soil conditions were effective irrespective of the background 
physico-chemical properties of the soil or environmental factors. Therefore, the 
results challenge the accepted view of explaining enteric decay processes focused on 
soil environmental variables and pointed to a more complex ecological explanation 
which suggest that the stimulation of intrinsic soil ecological factors due to substrate 
input actively eliminates enteric pathogens, supporting recent findings (Lang and 
Smith, 2007; Lang et al., 2007)  
 
The SSM has prohibited the agricultural reuse of untreated sludge. However, both in 
terms of SMBC concentration and soil protozoa population increase, DRAW was the 
most effective sludge. The data obtained from the dynamics of E. coli as enteric 
bacteria indicator (Rogers et al., 2007) showed that the decay in DRAW-amended 
soil was similar to other conventional treated biosolids, such as DMAD, suggesting 
that the application of DRAW following the cropping and harvesting restrictions 
stipulated in conventional treated biosolids would pose no significant increase in risk 
to human health under the UK conditions.  
 
Therefore, recycling biosolids to agricultural soil reported benefits in terms of 
increased soil fertility, and the results described provided assurance that assumptions 
relating to soil decay of enteric pathogens during waiting periods stipulated for the 
agricultural use of sludge are highly conservative. The results provided evidence of 
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the active ecological mechanisms responsible for pathogen decay, confirming that 
these natural attenuation processes actively operate according to cropping/harvesting 
restrictions providing a significant margin of safety with regard to potential risk. 
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CHAPTER 9 
Conclusions 
 
9.1 Effect of Organic Residual Soil Amendments on the Microbial Biomass C 
Concentration 
 
• The physico-chemical characteristics of the soil types examined in this 
investigation provided contrasting biological environments for testing the effects 
of soil properties on soil ecological conditions and microbial activities. The soils 
differed in texture and CEC. North Sidelands was a moderate alkaline silty clay; 
and soil from Brices Field was a moderately acidic sandy silt loam. North 
Sidelands soil contained twice the amount of OM compared to Brices Field 
(approximately 4 and 2% ds, respectively). These soil characteristics, especially 
OM content, were the main factor governing SMBC dynamics. 
 
• SMBC in the unamended control plots was consistently higher in North 
Sidelands soil with the largest OM content compared to the low OM status soil 
from Brices Field. The average values for SMBC concentrations in soil ranged 
between 600-900 µg C g-1 ds and 125-175 µg C g-1 ds for North Sidelands and 
Brices Field, respectively. This evidence indicated the higher fertility status of 
soil from North Sidelands compared to Brices Field. Higher SMBC 
concentrations in North Sidelands were also consistent with the silty clay texture 
of the soil and a higher soil pH value, which are also usually have a positive 
influence on SMBC. 
 
• Organic residual amendment to soil increased SMBC concentrations in both soil 
types compared to the unamended controls. This general increase was attributed 
to the incorporation of easily biodegradable organic substrate which stimulated 
the soil microbial activity, and also to the addition of viable microorganisms to 
the soil in sewage sludge, particularly in the case for unstabilised raw sludge.  
 
• The extent of the increases in SMBC after the addition of organic amendments 
compared to the control was larger in the low OM soil (Brices Field), with the 
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smallest background SMBC concentration. Stimulation of the SMBC in response 
to substrate inputs was more difficult to discern in North Sidelands soil due to the 
larger background concentration of SMBC in this soil type. 
 
• The microbiological content of the different amendments influenced the extent of 
the initial increases in SMBC concentration immediately following application. 
The largest increase was observed for DRAW sludge, with an average increase of 
approximately 100-400 µg C g-1 ds and 75-125 µg C g-1 ds in North Sidelands 
and Brices, respectively. This sludge type was unstabilised and evidently 
contained a large fraction of living biomass compared to treated, stabilised form 
as well as having increased availability of organic substrates for microbial 
growth. DMAD and Compost addition also significantly increased the initial 
SMBC concentration compared to the control values, but the magnitude of the 
effect was smaller for these stabilised sludge types compared to DRAW and 
average increases of approximately 100-250 µg C g-1 ds and 50 µg C g-1 ds were 
measured in these cases for North Sidelands and Brices soils, respectively. The 
addition of DRAW and DMAD prepared as a slurry in microbial inoculation 
treatments in the field trials increased the SMBC to a greater extent compared to 
the equivalent dewatered sludge cake amendments. This may be explained as a 
consequence of the more intimate mixing of the liquid form of the amendments 
into the soil compared to the clumps and particles of dewatered materials, 
increasing availability for microbial growth.  
 
• Liquid sludge properties where similar to those of DMAD sludge on a dry solids 
basis but the small DS content compared to solid form reduced the amount of 
OM supplied in the liquid form compared to DMAD at field application rates. 
Therefore the effect of liquid sludge application on the SMBC concentration was 
small. 
 
• Enhanced treated biosolids receiving lime amendment or thermal treatment also 
increased the SMBC concentrations through the introduction of OM to soil. In 
these types of biosolids, however, the biomass present in the sludge was 
significantly reduced by the treatment process. 
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• Livestock manures and slurries had little effect on the SMBC concentration as 
they were microbiologically stabilised and the DS content was smaller than solid 
sludge. Stockpiling FYM also stabilises the OM by composting action, and OM 
in cattle manure and slurry is also stabilised due to the fermentative digestion in 
the animal gut. The extent of digestion in ruminant animals is larger than in pigs. 
According to the level of stabilisation and DS input to soil at the application rates 
tested, the extent of increase in SMBC concentration for these organic 
amendments was FYM>Pig>Cow. 
 
• Environmental factors also had a major influence on the SMBC concentration 
dynamics. Soil moisture content was the main environmental parameter 
influencing SMBC concentration, which increased with increasing soil moisture 
content. Soil temperature was also important, but the effect was not consistent 
between the different experimental field trials.  
 
9.2 Impact of Organic Amendment in Soil Protozoa Population 
 
• Enumeration of protozoa numbers present in soil is essential to quantify the 
effects of these predatory grazers on soil ecological processes and the 
composition and numbers of bacterial populations in soil. However, a key 
difficulty in soil ecological studies is obtaining precise enumeration data for soil 
protozoa populations. A rapid counting MPN technique was adapted for the 
enumeration of soil protozoa based on the depletion of bioluminescent E. coli 
K12, which is consumed by active protozoa isolated from soil as a food source. 
The enumeration assay therefore provided estimates of the total numbers of 
protozoa in soil. 
 
• No significant differences in soil protozoa populations were detected between the 
two experimental soil types, despite the marked and contrasting differences in 
physico-chemical and biological characteristics between the soils. The 
enumeration technique indicated that there were similar total numbers of 
protozoa in both soil types. However, it was not possible to differentiate between 
active and encysted types in the soils. Therefore, it is possible that North 
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Sidelands soil with largest OM and SMBC contained a larger active population 
compared with Brices Field. 
 
• Sludge application consistently increased protozoa numbers to the same extent in 
both experimental field soils from a background value of 3-3.5 log10 g-1 ds to 4-
4.5 log10 g-1 ds. The extent of the increase was consistent with the effect of 
organic amendments on SMBC. Thus, DRAW increased protozoa to a greater 
extent compared to the other amendments. This response was explained because 
DRAW contains more available substrates and a larger viable microbial biomass 
concentration compared with stabilised DMAD, for instance. However, the initial 
increase in numbers was also explained because DRAW itself also contains a 
significant viable population of protozoa, equivalent to 105 log10 g-1 DS, which 
was larger compared with DMAD. This population presumably originated from 
protozoa populations in surplus biological wastewater treatment sludge (Curds, 
1975). Following application, protozoa numbers in biosolids-amended field soils 
were between 0.5 and 1 log10 g-1 ds above the control for both soil types for the 
duration of the monitoring period. 
 
• Inputs of nutrient resources increased protozoa populations to an equivalent 
extent in both soil types, irrespective of the soil physico-chemical and biological 
properties. Total numbers of protozoa, overall, were therefore equivalent in both 
soil types depending on the type of amendment supplied. 
 
• Soil moisture content was the main environmental factor affecting soil protozoa 
populations in sludge-amended soil, and populations increased significantly with 
increasing soil moisture content. This may be expected as soil protozoa are 
highly sensitive to the environmental moisture status. Active populations in soils 
are supported when soil pores are filled with water films (Ekelund and Ronn, 
1994) and protozoa encyst under dry soil conditions. However, soil moisture 
content had no influence in soil protozoa populations in the unamended control 
soil, as the moisture content existing in this study was not extreme and soil 
protozoa were adapted to these conditions. Under UK temperate conditions soil 
temperature had no significant effect on the overall protozoa populations in 
amended and control soil. 
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• In a controlled laboratory experiment, the addition of DMAD to sterile soil also 
increased soil protozoa populations. This is a very significant result and 
demonstrates that DMAD itself is a significant source of predatory protozoa input 
to soil. This is the first time that the direct contribution of digested biosolids to 
the predatory soil protozoa population has been reported. 
 
• Soil protozoa populations in unsterile soil also increased after the application of 
sterile sludge. This demonstrated the beneficial effect of sludge application on 
indigenous soil protozoa due to the addition of available substrates to soil in 
sludge.  
 
• C. steinii is a ciliate protozoa and, as a common member of the soil protozoa 
community, is widely used in inoculation experiments in studies of soil protozoa 
ecology. Soil inoculation with cultured C. steinii increased protozoa numbers in 
sterile soil to the typical background soil concentration measured in field soils, 
equivalent to 3 log10 g-1 ds. In unsterile soil however, only a marginal increase in 
protozoa was observed following inoculation compare to the background 
population. A small increase observed in soil protozoa numbers in unsterile soil 
inoculated with protozoa and E. coli may be explained because the bacterial input 
provided a substrate source supporting increased protozoa growth and activity.  
 
9.3 Influence of Soil Protozoa Populations on Enteric Pathogen Survival 
 
• The field experimental programme indicated that ecological mechanisms driven 
by the grazing activity of protozoa on bacteria populations had a significant role 
in the inactivation of enteric bacteria applied to soil in conventionally treated 
sewage sludge.  
 
• Multiple regression analysis of soil protozoa populations in relation to 
environmental and soil variables and to the population of the indicator bacteria E. 
coli in soil, showed that E. coli numbers had a significant influence on soil 
protozoa numbers. Linear regression analysis of soil protozoa numbers relative to 
E. coli populations in soils amended with DMAD and DRAW showed that 
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protozoa populations were positively related to E. coli numbers. After addition of 
biosolids, there was an increase in E. coli and soil protozoa numbers. During the 
20-40 days period after application of sludge, the protozoa population increased 
and there was a concomitant decrease in E. coli numbers, following a classical 
predator-prey relationship response (Canale, 1969). 
 
• Increased protozoa numbers in soil in response to sludge application due to direct 
inputs of protozoa present insludge, and from the stimulation of the indigenous 
soil population by the nutrient resources contained in sludge suggested there 
would be greater predatory pressure in amended soil. Therefore, this could 
potentially provide a direct ecological mechanism for the removal of enteric 
bacteria from sludge-amended soil.  
 
• The results from the incubation investigation demonstrated that protozoa 
influenced the decay of E. coli populations in biosolids-amended agricultural 
soil. Numbers of E. coli inoculated into sterile soil remained relatively constant 
for the duration of the monitoring period in the absence of grazing action by 
protozoa and microbial competition. However, the inoculated E. coli population 
decreased in the presence of the protozoa inoculum in sterile soil conditions. 
Furthermore, the inoculation of protozoa into unsterile DMAD-amended soil also 
decreased numbers of E. coli compared to the E. coli without protozoa addition.  
 
• The results indicate that pathogen survival in sewage sludge-amended 
agricultural soil may be a self-limiting process due to the stimulation of soil 
ecological processes, including the activity of predatory protozoa, in response to 
improved soil conditions and inputs to the soil of substrate resources and 
microbial grazers in sludge. 
 
• These processes, that are primarily responsible for the removal of enteric 
bacterial pathogens in temperate soil conditions, are effective and operate 
irrespective of the background physico-chemical properties of the amended soil 
or soil environmental factors. 
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• The benefits of biosolids application to agricultural soil described in this research 
provide assurance that assumptions relating to soil decay during waiting periods 
stipulated for agricultural use of sludge are highly conservative. The results 
provide evidence of the active ecological mechanisms in sludge-amended soil 
that are responsible for pathogen destruction and confirm that these natural 
attenuation processes actively operate effectively during the cropping/harvesting 
restrictions prescribed in legislation and guidance controlling the application of 
biosolids on farmland to protect human health with a significant margin of safety. 
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CHAPTER 10 
Further Work 
 
This research has provided information about the role of indigenous and introduced 
protozoa populations in reducing pathogen viability through predation in sewage 
sludge-amended agricultural soil. The application of the modified MPN technique 
based on the luminescence of genetically modified E. coli as a food source (Chapters 
6 and 7) gave good estimates of the total soil protozoa populations. However, it was 
not possible to discriminate between active and encysted organisms by this approach. 
To be able to discern between active and encysted individual Heating and HCl 
addition were unsuccessful treatments to discriminate between the active and 
encysted portion of soil protozoa, and the results obtained were not representative of 
the population expected in soil. Therefore, it will be desirable to find a method which 
will allow the enumeration of the active fraction of the protozoa population to better 
understand the ecological relationships in the soil environment. Bearing this is mind, 
to be able at least to identify the different groups of protozoa present in the samples 
(amoebae, ciliates, flagellates) will be of additional value for the interpretation of the 
influence of soil protozoa in ecological processes. Direct microscopy examination of 
the microtitre plates used in the MPN technique will be time consuming, but to a 
feasible level if was only  to differentiate between groups.  
 
Indigenous soil protozoa may be expected to be better adapted to survival in the soil 
environment and to compete more effectively than added populations, such that with 
time and following substrate exhaustion, indigenous populations may be expected to 
dominate the niche. To assess the balance, relationships and interactions between 
indigenous soil and added sludge protozoa need to be elucidated. Molecular based 
methodologies such as PCR and sequencing could be applied to develop a MPN-
PCR assay (Fredslund et al., 2001) for protozoa populations.  
 
Manipulation of the protozoa populations to determine the influence of predation on 
enteric pathogens in sludge-amended agricultural soils was done by application of 
thiram, a protozoa inhibitor. Under field conditions, thiram had limited effectiveness 
presumably due to dilution effects following application and thus reducing the 
concentration to below an effective value. Therefore, the information regarding the 
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dynamics of enteric pathogens in the presence or absence of protozoa was only 
achieved in the laboratory experiment through soil sterilisation and inoculation with 
bacteria and protozoa. The introduction of the ciliate protozoa Colpoda steinii gave 
information about predator activity on bacteria. However, this information was 
limited to one group of protozoa. Because of the different physico-chemical 
characteristics of the soil and the ecology and behaviour of the different groups of 
protozoa, it will be of additional benefit to introduce one species present in soil 
representative of each group of protozoa.  
 
The approach taken in this research about the ecological processes occurring in 
sewage sludge amended soil were mainly focussed on elimination of enteric bacteria 
by predation of soil protozoa. In natural conditions, other soil predatory organisms 
and antagonistic processes will influence microbial survival characteristics. The 
enumeration of nematodes, for example, would be of additional benefit, as they prey 
not only on bacteria, but also on protozoa, which makes this group of importance in 
the ecological studies in the soil environment. Other soil ecological processes such as 
competition and parasitism may also significantly influence pathogen decay.  Thus, 
further work is also required on the ecological dynamics of decay and the 
significance of interaction between competition, predation and parasitism to better 
understand and predict the long term survival of enteric pathogens in biosolids-
amended agricultural soils. 
 
A subject to consider in further research is to study the mechanism developed by 
some bacteria in which even when ingested by protozoa, they are not digested, which 
makes them able to survive for longer periods inside protozoa, and in some cases 
even replicate inside. The use of the pulse chase technique will allowed the 
observation of digestion within the protozoa and check if bacteria are digested. 
 
The results obtained in the field programme showed that following biosolids 
addition, protozoa numbers increased in the short term, and the population remained 
over that on the unamended control soil even after the sludge effect could reasonably 
have been assumed to have ended. This could indicate that there is a memory effect 
in soil following application of biosolids, and therefore that pathogen survival could 
be a self limiting process due to stimulation of protozoan numbers following sludge 
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application. Enumeration of protozoa in plots receiving sludge at regular intervals 
will provide information on the self limiting capacity of soil populations, along with 
an indication of the maximum sustainable number of protozoa in a particular soil. 
Together with pathogen enumeration, this research will explained if soil becomes 
increasingly suppressive and antagonistic to pathogen survival following repeated 
applications of sewage sludge. 
 
Mesophilic anaerobic digestion of sludge is the principal method of sludge treatment 
for application to agricultural soils. This method met the minimum microbiological 
standards required regarding pathogen reduction. However, the mechanisms 
responsible for pathogen removal as well as the ecological dynamics that occur 
during sludge digestion are largely unknown. Laboratory experiment showed that 
digested biosolids contained protozoa and was transferred to the soil. The ecology of 
protozoa provides them with facultative characteristics to survive in both anoxic and 
aerobic environments, and therefore it may be possible for them to survive during 
anaerobic sludge digestion. This could be an important mechanism for removing 
pathogens from sludge and is an area that has not been previously researched. The 
enumeration of protozoa in a number of sludge samples from a number of 
operational sludge digesters would provide information in the ecological interactions 
occurring during these processes. Furthermore, experiments consisting of the 
inoculation of cultured populations of protozoa into digested sludge will add 
knowledge on pathogens decay during the digestion process, and increase the decay 
rate by increasing the predatory pressure over the pathogens. 
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Appendix 1 
General Characteristics of Pathogens Found in Sewage Sludge 
 
Bacteria 
Bacterial pathogens in sewage sludge contribute significantly to health problems 
(Dumontet et al., 2001). Bacteria are capable of existing independently and 
multiplying under favourable conditions. Temperatures over 70 oC inactivate them 
relatively quickly, with lower temperatures requiring longer exposition period, 
although some that produce spores require higher temperatures to eliminate them. 
Enteric pathogens of mammals have optimum growth temperatures around 35-40 oC. 
The main diseases caused by enteric bacteria are gastrointestinal infections. 
Following are details of some of the more important pathogenic bacteria and the 
diseases that they cause.  
 
Salmonella spp. are gram-negative, non-spore forming, facultative anaerobic 
enterobacteria. The vast majority of human isolates (>99.5%) are subspecies of 
S. enterica, with more than 2500 serovars. They are present in raw sludge in numbers 
between 103-106 cfu g-1 DS. Sahlstrom et al. (2004) found that Salmonella was 
present in 67% of 64 raw sludge samples in Sweden. They are the most widespread 
pathogenic bacteria of global public health concern present in sewage sludge, and are 
present naturally in the environment (Dumontet et al., 2001). Salmonella spp. causes 
salmonellosis, a gastrointestinal disease associated with diarrhoea, fever and 
abdominal cramps after 6-72 h of infection. The minimum infective dose (MID) is 
between 104-107 cells (Bitton, 1994). They are one of the most important pathogens 
because of the risk on grazing animals and also because is one of the most prevalent 
pathogens involve in food poisoning notifications in the UK between 1998 and 2002 
(Horan et al., 2004).  
 
Escherichia coli is a gram-negative, non-spore forming, facultative anaerobic 
enterobacterium. This genus is naturally present in the digestive tract of humans and 
animals and is the most common cause of food borne illnesses. They are useful 
indicators of faecal organisms and a good indicator of pathogens on the environment. 
Historically, numbers of E. coli in untreated sludge are in average between 107-109 
cfu g-1 DS (Horan et al. 2004). About 140 serological groups have been listed, of 
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which only a few are pathogenic when their proportion increases. Between the 
pathogenic groups, E. coli O157:H7 is one of the most important, but little is known 
as this strain has only recently emerged as a public health concern. E. coli O157:H7 
is a shiga toxin-producing E. coli (STEC). They can produce infections with MID as 
low as ten cells and environmental contamination by sewage can play an important 
role in the diffusion of STEC strains (Santamaria and Toranzos, 2003). E. coli 
O157:H7 is an emerging pathogen in both developed and developing countries where 
it is associated with a variety of illnesses including infantile diarrhoea, travellers’ 
diarrhoea, hemorrhagic colitis and haemolytic uremic syndrome, which can cause 
renal failure and cause death, especially to children and the elderly (Dumontet at al., 
2001).  
 
Campylobacter spp. are gram-negative, non-spore forming bacteria involved in the 
majority of food poisoning incidents in the UK (Horan et al., 2004). Campylobacter 
spp. has been commonly isolated from sewage sludge and the majority correspond to 
C. jejuni. In develop countries C. jejuni is a common agent causing gastroenteritis 
(Dumontet et al. 2001). The infective dose of C. jejuni is about 500 cells and the 
effects appear within 2 to 5 days after ingestion (Black et al., 1988). The effects are 
diarrhoea, nausea, vomiting, fever, abdominal cramping and chills. The incubation 
period is 24 h and the duration of symptoms is on average 3 days (Berndtson, 1996).  
 
Clostridium spp. are gram-positive, spore forming anaerobic bacteria. Several 
diseases cause by Clostridium spp. infections are tetanus (C. tetani), botulism (C. 
botulinum) and black leg (C. chauvoei) (Hirsh and Zee, 1999). They can be 
indigenous in soil, as C. perfringens and C. botulinum (Santamaria and Toranzos 
2003). C. perfringens produces toxins that cause diarrhoea and severe abdominal 
pain, although death is uncommon, and large numbers of cells are necessary to cause 
infection (Penner, 1998). Clostridium spp. are excreted in faeces of infected animals 
and special emphasis must be put in the treatment of farmyard manures because of 
spore resistance to inactivation.  
 
Listeria spp. are gram-positive, facultative anaerobic, non-spore forming bacteria. It 
can be isolated routinely in sewage sludge, and although reported incidences 
associated to Listeria spp. are low, it is particularly harmful when infecting pregnant 
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women because it can lead to miscarriage, premature birth or newborn infection 
(Horan et al., 2004). Infections can cause listeriosis, with a death rate of 30% mainly 
in children and the elderly. The main strain present in sludge is L. monocytogenes, 
considered to be ubiquitous in the environment. Gastrointestinal disease involves 
fever, nausea, diarrhoea and head ache, and last between 1 and 3 days. The number 
in contaminated food responsible for foodborne human cases for L. monocytogenes is 
around 100 bacteria g-1 DS  
 
Viruses 
Viruses are the most common cause of gastrointestinal infections transmitted by food 
world-wide (Heritage, 2003; Vasickova et al., 2005).  Humans are the only or 
primary source of enteric viruses in sewage sludge (Gerba and Smith, 2005) and 
there are more than 140 different types of viruses excreted by humans. Table A.1 
shows these viruses together with the disease or symptoms they cause. Of all the 
enteric pathogens, viruses are the most hazardous and at the same time they have 
some of the lowest infectious doses (Santamaria and Toranzos, 2003). They can be 
adsorbed on sludge organic matter and in this way become protected from 
inactivation (Dumontet et al., 2001).  Enteric viruses are the major cause of 
childhood diarrhoea. The enteroviruses are the group that has been most studied as 
they can easily grow and be assayed in the laboratory. They are the largest group of 
enteric viruses causing disease, especially in children (Gerba et al., 2002). 
Rotaviruses and caliciviruses are the leading cause of gastroenteritis in the USA and 
caliciviruses one of the most significant cause of water and food borne illnesses in 
the world (Buesa et al., 2002).  
 
According to the literature the concentration of enteric viruses range from 102 to104 
g-1 DS in raw sewage sludge and 300 g-1 DS in activated sludge (Gerba et al., 2002). 
Dumontet et al., (2001) reported that viruses were detected in 100% of the sludge 
samples analyzed. Hepatitis A virus was found in 39% of the samples from a waste 
disposal system, and the risk of infection increased by 15-30% related to 
occupational exposure to sewage sludge. The inactivation of viruses is pH and 
temperature dependent with mesophilic digestion (37 oC) and a 10-20 days retention 
time reducing the concentration by 90% (Gerba et al., 2002).  
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Parasites 
A parasite requires a host to grow or reproduce during one or several steps of its life 
cycle. Different types of parasites exist, such as helminths, fungi or protozoa. They 
also develop a cyst or egg stage to resist environmental stress when excreted by the 
host. They are not commonly detected in industrialized countries but are major 
agents of disease in countries with poor sanitary facilities. Helminths are worms and 
include cestodes, trematodes or nematodes. Some of the most common are Ascaris 
lumbricoides and A. suum, Necatur americanus, Trichuris trichuira and Strongloides 
stercolaris (Santamaria and Toranzos, 2003).  In a study carried out by Gaspard et al. 
(1997) the parasitological analysis performed on 89 urban sludge analyses for 
helmiths eggs showed 47% presenting concentrations lower than 60 eggs, 38% 
ranging from 60 to 240 eggs and only 15% indicated concentrations higher than 240 
eggs. Protozoa are unicellular organisms, most of them living in aqueous 
environment. The infection by parasites occurs through faecal-oral route. Some of 
the parasites found in the sludge are describe here. 
 
Ascaris sp. are parasitic nematodes affecting human and animal populations, 
typically in sub-tropical and tropical areas with poor sanitation. A. suum is a common 
intestinal helminth in swine but may occasionally infect humans (Endo and 
Morishima, 2004). A. lumbricoides infects humans (Feachem et al., 1983) and is the 
largest intestinal roundworm and most common helminth infection of humans 
worldwide. Ascaris ova may persist in the environment for many years but seems 
rather sensitive to heat treatment exceeding 50°C (Endo and Morishima, 2004). 
Giardia lamblia is a flagellated protozoan parasite that colonizes and reproduces in 
the small intestine. It is the most common protozoan cause of gastrointestinal disease 
world-wide. It causes giardiasis and is most common in children in developing 
countries. Giardiasis may be asymptomatic but infectious cysts are excreted in the 
faeces (Fayer, 2004). The infection occurs by faecal-oral route, either by direct 
contact or through contaminated water or food. Symptoms of giardiasis normally 
begin 1 to 2 weeks after becoming infected.  
 
Cryptosporidium is a protozoan pathogen of the phylum apicomplexa that causes 
cryptosporidiosis. It is capable of forming oocysts in unfavourable conditions. C. 
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parvum oocysts are frequently isolated from effluents of sewage treatment plants 
(Dumontet et al., 2001). Giardiasis causes diarrhoea which may persist for more than 
one month in immune-suppressed individuals (Bitton, 1999). C. parvum has recently 
emerged as of increasing importance in public health (Godfree and Farrell, 2005). 
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Appendix 2 
Soil Profiles from Experimental Soils 
 
The soil series for North Sidelands was Rolling Andover-Rolling Upton (Ac3/Up3) 
(Ordnance survey, 1973). The soil groups corresponding to the Upton and Andover 
soil series, typical of North Sidelands, were Rendzinas and Brown calcareous soils, 
respectively. Rolling Andover-Upton series have a chalk escarpment and dry valley 
sides with average slopes <11o. The parent material was chalky drift and chalk. The 
soil series corresponding to Brices Field was Hamble (hL) (NSRI, 2008), and the 
equivalent soil group was Brown earth (sol lessive) in brickearth. The parent material 
was Aeolian silty drift.  
 
Figure A2.1 shows the soil profile of the corresponding soil series for North 
Sidelands and Brices Field (NSRI, 2008). In North Sidelands, Upton series are 
typically shallow well drained calcareous silty soils over chalk. Mainly on 
moderately steep, sometimes very steep land. The Upton series profile has a greyish 
brown A-horizon of up to 25 cm, with moderately stony silty clay loam, and is 
extremely calcareous. The B-horizon is only 5 cm deep and has a light brownish grey 
colour, with a stony silty clay loam texture. It overlies a C- horizon ranging from 
fragmented chalk to thinly bedded chalk. The major land use on this association is 
defined as permanent grassland rough grazing and woodland on scarps; cereals and 
short term grassland on gentle slopes. 
 
Soil from the Andover series are also shallow well drained calcareous silty soils over 
chalk on slopes and crests, and deep calcareous and fine silty soils in valley bottoms. 
The A-horizon consists of a calcareous dark brown, slightly silty clay loam, with fine 
subangular blocky structure. The major land use on this association is defined as 
winter cereals and short term grassland with dairying and stock rearing, sugar beet 
and potatoes and some woodland. 
 
In Brices Field, Hamble series consists of deep stoneless well drained silty soils and 
similar soils affected by groundwater, over gravel locally. Usually they are located 
on flat land. The typical horizon sequence is A, Eb, Bt. The A-horizon consist of a 
dark brown silty loam or silty clay loam. The subsurface horizon (Bt), contains more 
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clay than the overlying Eb horizon due to illuviation. The major land use on this 
association is defined as cereals, potatoes, field vegetables and some short term 
grassland. 
 
a) North Sidelands: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Brices Field: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2.1 Soil profiles describing a) North Sidelands and b) Brices Field soil 
series. (NSRI, 2008)    
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Appendix 3 
Rainfall and Air Temperature  
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Figure A3.1 Daily rainfall (mm) for FT1. 20/04/05-22/09/05 (Days 0-317) (Met office, 2008) 
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 Figure A3.2 Daily rainfall (mm) for FT2. 18/10/05-24/04/06 (Days 0-188) (Met office, 2008) 
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Figure A3.3 Daily rainfall (mm) for FT3. 19/04/06-31/08/06 (Days 0-134) (Met office, 2008) 
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Figure A3.4 Daily rainfall (mm) for FT4. 26/10/06-31/05/07 (Days 0-217) (Met office, 2008) 
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Figure A3.5 Air temperature (oC) for FT1. 20/04/05-22/09/05 (Days 0-317) (Met office, 2008) 
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Figure A3.6 Air temperature (oC) for FT2. 18/10/05-24/04/06 (Days 0-188) (Met office, 2008) 
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Figure A3.7 Air temperature (oC) for FT3. 19/04/06-31/08/06 (Days 0-134) (Met office, 2008) 
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Figure A3.8 Air temperature (oC) for FT4. 26/10/06-31/05/07 (Days 0-217) (Met office, 2008) 
